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ABSTRACT 


An experimental study was conducted to examine the 
moisture migration characteristics of frozen Devon silt. The 
objective of these experiments was to evaluate the influence 
of moisture migration and redistribution within the frozen 


zone on the process of frost heave. 


The results from relatively long term open and closed 
System etests (the length jof testing Eanged £rom 5 to 22 
days) on completely frozen silt samples revealed that 
moisture does migrate through frozen soil under the 
influence of a temperature gradient. It appears that the 
transfer or moisture occurs mostly within the unfrozen water 
film and that the development of ice lenses impedes the flow 
of water. Tritiated water was used as a tracer to help 
identify the location of the new water which had been drawn 


2neo at hes trozenusoil > 


De Was “also; concluded, from the test results that the 
process of regelation (movement of pore ice through a frozen 
soil) does occur as a result of an applied temperature 
gradient, but the effect on heave rate appears to be very 
Small when compared with that of primary heave. Primary 
heave is defined here as moisture migration to the frost 
front asta result of a csuction- -<pressure within vai frozen 


fringe of soil near the 0°C isotherm. 
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In most of the open system tests a definite drop in 
heave rate with time was noticed. This phenomenon was also 
observed in a field frost heave test conducted by others. 
Several interpretations are discussed in an attempt to 


explain this behavior. 
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ntroduction 


Frost heave is a phenomenon which is usually associated 
with the creation of segregational ice under roadwayS or 
other unheated structures. Although seasonal frost heave is 
important, far more destructive are the effects of a 
freezing soil-water system under the influence of a 
constant, long term step temperature (below 0°C). With the 
development of northern resources the construction of a 
"cold" natural gas pipeline seems inevitable. One of the 
more significant problems associated with the construction 
of such a pipeline is the effect of long term frost heave. 
This problem differs from seasonal frost heave in that the 
processes involved are imposed on a _ soil-water system 
continuosly over many years, although the processes 
themselves are expected to be the same. The time effects of 
frost heave have not been adequately examined to allow one 


to predict heave rates over any extended period of time. 


It is recognized that water flows to the frost front 
and freezes into ice as a result of a temperature-induced 
suction force occurring somewhere within the frozen zone. 


The amount of segregational ice which forms depends upon the 
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soil type, step temperature (i.e.,frost penetration rate), 
overburden pressure, void ratio and the depth to the water 
table. Until recently, most investigations have been 
concerned only with the effects of these parameters on heave 
rate and heave pressures without examining the processes 
involved with frost heave. The ultimate purpose of most 
Studies was to be able to predict frost heave rates in the 
field on the basis of laboratory tests. It was tacitly 
assumed by most authors that the data from short tern 
laboratory tests could be extrapolated to predict long tern 


field behaviour. 


However, recent studies have shown that there are many 
processes involved with frost heave, at least some of which 
are expected to be time dependent. It has been suggested 
that moisture migration and redistribution within the frozen 
zone may contribute significantly to the overall heave rate. 
Simple, short term laboratory tests would not be effective 
in evaluating the long term influence of such processes on 
frost heave. It has become apparent that the understanding 
of these processes is essential for the development of a 


useful frost heave model. 
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It is considered important to examine in depth the 
processes associated with frost heave. As mentioned in 
Section 1.1, it has been suggested that one of these 
processes involves the migration of moisture through frozen 
Seidepe herwobsjecterofaethise: thesisybishato investigate the 
migration characteristics of frozen Devon silt and to relate 


the results to the problem of long term frost heave. 


A testing program was initiated to study various 
aspects of moisture migration through frozen soil. Closed 
System tests were conducted on frozen samples to examine 
moisture redistribution as a Lesuit 0 famwanwe apo Lied 
temperature gradient. Open system tests were designed to 
Simulate steady state field conditions. This represents the 
Situation where the 0°C isotherm has stopped advancing (or 
Slowed to a very low rate) but where water is continually 
being drawn into the soil where it freezes into ice. In the 
laboratory tests, uni-directional heat flow boundary 
concitions were imposed on a completely frozen silt Sample. 
The sample was allowed access to water and subsequent 


Changes in moisture content were measured. 


From the test results, several. conclusions are made 
regarding moisture migration characteristics of frozen soil 


ane the significance Ofmthis process to frost heave. 
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Most frost heave experiments prior to 1950 were 
designed to investigate basically whether or not a certain 
soil would heave. Gradually, more information was required 
for engineering projects and better designed tests were 
developed. Eventually, researchers realized that in order to 
adequately predict how a specific soil would react during 
freezing an understanding of the significant parameters 
affecting the process of frost heave was essential. 
Consequently, parametric studies were undertaken by Jumikis 
(1200) “and Penner (1967), (1968), “among others ‘to examine 
the influence of pore size in the soil on frost heave rates. 
Penner (1960), (1972) and later Hill (1977) investigated the 
effects of temperature and temperature gradients on heave 
rates. Penner (1958) and Aitken (1963) provided quantitative 
evidence of Taber's (1929) observation that overburden 


pressure reduces heave rate. 


During the same period of time other researchers were 
attempting to develop a model of frost heave based on known 
physical and thermodynamic relationships (e.g. Everett, 
1961; Williams, 1966). The Thompson equation given in 
Fquation 2.1 relates the size of a stable spherical crystal 


in its own melt and the absolute temperature. 
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Loss 1.0 = 2V. OLW' TO (2. 1) 


where: Tr = freezing point of water (°C) 
To = normal freezing point of water (0.0°C) 


V molar volume of water (cm3/g) 

Ciw = surface tension of ice-water (cal/c m2) 
Riw = radius of ice-water interphase (cm) 

L = latent heat of fusion (cal/g) 


The Kelvin equation (Equation 2.2) relates the pressure 
difference between ice and water to the size of a crystal in 


its own melt. 


Pi ewe = 6201 Ww (26.2) 
Riw 


where: Pi = pressure of ice (kPa) 
Pw = pressure of water (kPa) 
PyYeCOMDINENg equations, -2.) and 2.2) a form “or the 


Clausius - Clapeyron equation is obtained: 


Pi ~- Pw = L:(Tr - To) 

VTo Zea) 
Everett (1961) proposed a theory of frost heave based 
on the above thermodynamic relationships. However, this 
theory and others (Takagi, 1977) are incomplete in that not 
all the physical processes of frost heave are taken into 
account. According to Hill and Morgenstern (1977) a complete 

theory of frost heave would lead to the prediction of: 
a) variation of heave rate and heave pressure with 

time 


b) water content (ice content) variation with time 
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c) temperature distribution with time 


d) ultimate magnitude of heave 


Until recently very few researchers have been concerned 
with the variation of frost heave processes with time. Nor 
have the physical processes themselves been adequately 
examined. It is important to understand exactly howa.ice 
forms in a soil before a model can be developed which would 


have the ability to predict the four points listed above. 


It is the contention of this author that one important 
process of frost heave may consist of water migration within 
the frozen zone of the soil. It is accepted that water flows 
to the frost front as a result of a suction force (Beskow, 
1935). Recently, Miller (1972) and a number of his students 
(Dirksen, 1966; Hoekstra, 1969a; Loch, 1975) have advanced 
the theory that the water is drawn past the zero degree 
isotherm and somewhere into the frozen zone. This phenomenon 
of water migration through the frozen soil may have major 
implications on frost heave prediction which will be 
discussed in the following sections of this chapter and in 


Chapter V. 


The literature review is divided into three sections, 
each concerned with a specific aspect of moisture migration 
an frozen soil. Section 6252 reviews pertinent studies 
involved with the properties of the unfrozen water film. 


Section 2.3 is concerned with the suction force developed 
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within this unfrozen water layer and its relation to frost 
heave. Finally, Section 2.4 treats the subject of actual 
moisture migration in frozen soil. Recent experimental 
evidence demonstrating this phenomenon is discussed. A 
Summary of the more salient points obtained from the 
literature is presented in the final section of this 


chapter. 


When a fine-grained soil is frozen not all the water 
within the soil pores freezes at 0°C (Bouyocous, 1916; 
EBOVel 11957). 400s tO. 50% .0Of the mnousture, insaesoil may exist 
as a liquid at temperatures of -2°C (Nersesova and 
Tsytovich, 1963). This unfrozen water forms what is termed a 
"film" around soil particles. The properties of this water 
film are very complex in nature and still not completely 
understood. But 1t is important to examine some of ‘the 
PelLcevee KNOWN. UPrOperties: “Of | this. layer .of Water before a 


discussion of its temperature-induced mobility is attempted. 


The unfrozen water content is the amount of liquid 
Water in) a “soll at. a given temperature. It as usually 
expressed aS a percentage of the dry weight of the soil, but 
in some cases it is expressed as a percentage of the total 
moisture content. The former definition will be used 
throughout this report. At any given temperature the 


moisture in a soil can be quantified as follows: 
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W= Wu + Wi (2. 4) 
where: W = total water content (4%) 
Wu = unfrozen water content (%) 
Wi = frozen water (ice) content (4%) 


The difference between the normal freezing point of 
water (0°C) and the temperature at which a certain amount of 
water is unfrozen is termed the freezing point depression, 
Tr, of the soil water. For a given temperature or freezing 
point depression, there exists a certain amount of unfrozen 
water. The relationship between freezing point depression 
and unfrozen water content has been examined by Williams 
(1964) and Anderson, et al (1973). Anderson presented an 
empirical relation in the form of Equation 2.5: 

Wu = a-Tr? (26a) 
where: Tr = freezing point depression (°C) 
Wu is defined in equation 2.4 
a and b are constants dependent on soil type 

Tice, et al (1976) examined the possibilities of 
obtaining values for a and b by relating them to the liquid 
limit of the soil. Preliminary results indicated excellent 


correlaticns with results obtained from adiabatic 


calorimeter determinations of unfrozen water content. 


The freezing point depression, then, is directisy 
related to the unfrozen water content. It is important to 
distinguish between freezing point depression and 
Supercooling. The former is the temperature at which a 


certain amount of water and ice coexist in equilibrium. 
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Supercooling is a metastable condition where the same 
proportion of water and ice coexist but at a temperature 
lower than Tr (Wissa and Martin, 1968). This condition is 
rarely observed in the field but, due to a more controlled 
environment, it is commonly experienced in laboratory 


experiments (Anderson and Morgenstern, 1973). 


Nersesova and Tsytovich (1963) presented evidence which 
Showed that Wu is a function of temperature only and 
virtually independent of the total water content, In other 
Words,= Ur water Is added to ~or “taken from a Soil at a 
constant temperature, the amount of water remaining as a 
liquid will be the same while the frozen water content will 
fluctuate accordingly. This implies that if water is being 
removed from an adiabatic system, some of the ice will melt 


in order to satisfy the equilibrium of the water filn. 


Nersesova and Tsytovich (1963) also presented data on 
the effects of exchangeable cations on the freezing point 
depression. In Montmorillonite, it was found that higher 
valence cations would reduce the amount of unfrozen water at 
a given temperature. However, little effect was observed 
when Kaolinite was tested using cations of different 
valence. This is to be expected since the thickness of the 
film toe Yoontrolted **by=*the "amount “ot” surface ‘charde. 
Montmorillonite has a high surface charge (due to its high 
specific surface) and the thickness of its bound water is 


reduced by higher valence cations. Kaolinite has a smaller 
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surface charge and the film thickness would be less affected 
byeetune ctype of Cation. LOW, ct al (1966b)" reported that the 
effects of solutes is to increase the unfrozen water content 


as predicted by freezing point depression calculations. 


Anderson and Hoekstra (1965a) used X-ray diffraction 
techniques to determine the thickness of interlamellar water 
at various sub-zero temperatures. The actual thickness of 
the interlamellar water in Wyoming Bentonite was found to be 
about 9 Angstroms (approx. 3 molecules in thickness) at a 
temperature of T = -6°9C. Below this temperature the spacing 
decreased to 7 or 8 Angstroms and remained constant to - 
40°C. Ahlrichs and White (1962) obtained similar spacings 
down to liguid Nitrogen temperatures (-195°C) although 
Nersesova and Tystovich (1963) reported that in some Russian 
tests no liquid water was observed below -70°C. Anderson and 
Hoekstra (1965b) calculated a thickness of a water film in 
Montmorillonite to be on the order of 5 to 10 Angstroms at T 


The structure of the unfrozen water has been examined 
by Anderson (lois FCOn %-ray dittraction — tests = he 
concluded that proposed Hydrogen bonding (by Hoekstra, 1965) 
of the interfacial water may not exist. However, the filn 
does behave as a two-dimensional liquid with a structure 
different from that of free water. A preferred orientation 
of water molecules near a silicate surface was observed but 


the reasons for this “are unclear. Tyutyunov (1963) 
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postulated the film water is a quasicrystalline body with 
geometric and structural components. He estimated that the 
attracting forces holding the water range from 1000 to 


10,000 kPa. 


Although the actual structure of the bound water is 
uncertain, it is generally agreed that the film possesses 
different properties than that of free water. The viscosity 
and density of the film are greater than in the case of free 
Water (Anderson, 1967,°" Lowy and Lovell,’ 1959),° Anderson” and 
Low, 1958). Anderson (1967) concluded that the absorbed 
Payeranhas) *somesfideformation! “properties; Melg.5 it? has: the 
ability to transmit a certain amount of shear. Anderson and 
Hoekstra (1965b) suggested that since solutes and other 
impurities tend to be excluded from ice crystals, the film 
may contain more solutes than normal thus increasing its 
Structure. The interfacial water may also possess a latent 
heat of fusion less than that of normal water (Anderson, 


967).% 


The amount of unfrozen water at a certain temperature, 
T, was found to be dependent on whether the frozen soil was 
being warmed or cooled (Leonards and Andersland, 1960% 
Williams, AS63% Anderson and” Hoekstra ,=01965a) 9 This 
hysteresis effect has not been fully explained but it does 
appear that the lower Wu associated with a cooling systen 
may be attributed to the fact that the ice-water phases are 


Nnot®+in- “equilibriumsduring ‘cooling. Et@is expected that, ‘in 
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time, the amount of unfrozen water in the cooling systen 
would increase at a constant temperature up to or near the 


value of Wu for a warming system. 


Anderson and Hoekstra (1965a) found evidence that ice 
forms as small crystals in the pore spaces and when the 
Lemperatureris@ilowered,;awthe .crystalesgrows«, by, extracting 
water from the film after the free water has been used up. 
It is of interest to discuss the actual location of the 
unfrozen water. Anderson, et al (1974) showed that in 
Montmorillonite, most of the unfrozen water is contained in 
the interlamellar regions (between clay particles) due to 
the fact that 80-90% of the surface area is exposed to these 
internal regions. Nearly all the surface area of Kaolinite, 
on the other hand, is exposed on external surfaces. Thus, 
more unfrozen water is retained per unit of total surface 
abeameaun | Kaolinite ‘than an Montmorillonite, albeit, it is 
retained less tenaciously by the former clay mineral. They 
concluded that the unfrozen water interphase is thicker ata 
given temperature on external surfaces than on internal 


surfaces. 


The authors, therefore, proposed a theory that various 
domains exist in a clay/water system. These domains contain 
water layers of various thicknesses. The water in the larger 
domains will freeze first drawing water from other areas of 
the system. This observation may be related to some results 


of Williams (1964). At a given temperature, Williams found 
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that the unfrozen water content for soils that had been 
previously frozen differed from that observed for the same 
soil during the first freezing. This implies that the 
structure of the soil system has some effect on the amount 


and distribution of unfrozen water. 


The effect of pressure on unfrozen water at a constant 
temperature is to increase the unfrozen water content 
(AnVeESOn, saiIG7 LOW, et.al, 1968b)s2Thisswidl be discussed 
in greater detail in the next section on suction forces 


(Section e2.:3) « 


From the above discussion it can be concluded that the 
unfrozen water is a somewhat structured film with properties 


different from those of free water. It is generally agreed 


that the structure and thus viscosity becomes more 
pronounced as the distance to the particle surface 
decreases, 


The thickness of the film is dependent upon many 
factors, the most important of which are listed below: 
ae) sOil type (specific surface area and surface 
charge density) 
b.) temperature 
Cc. -ecoul laura titonmotf sindividual «soil iparticles 
d.) quantity and type of exchangeable cations 


e.) overburden pressure 


The first three factors are considered to be of major 
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importance in the formation of unfrozen water while the last 


two are usually much less important (Anderson, et al, 1974). 


The fact that water is drawn to the freezing front due 
to a suction within the soil is well documented (e.g. Taber, 
1929) = Though ejnotegas® wells documented; . siti «is | ibecoming 
generally accepted that water migrates through frozen soil 
as ptageresiit, of these sesame biorces (Miler, 1972: Willians; 
Loiunarenner, PIIVS)s This section sconcernstitsel fe iwitth * uthe 
nature of the suction and the effects of temperature and 


pressure on its magnitude. 


Suction can be induced in a soil by various methods. 
Regardless of its nature, each method produces a suction in 
the soil by causing a difference in potential from one part 
of the soil to another. Jumikis (1966) discusses four major 
causes of potential difference: 

a) thermal 
b) electrical 
c)Gcapii lany 


d) osmotic 


The net effect of any applied potential difference in a 
Ssotleisito producetas® potemtial gradient within the soil 
water. On a microscopic scale, it is suggested that the 


gradient leads to a lowering of the Gibbs free energy in the 
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colder section of the film layer near the soil surface 


(Harlan, 1o74-" Williams, 1977). 


Williams (1963) presented experimental data along with 
a theoretical relationship between temperature of the soil 
adem suct1 On.) Tthiswe.s iqiven in Pigure* 2.1. Williams obtained 
the experimental values by relating suction in an unfrozen 
soil at a certain degree of saturation (less than 100%) to a 
frozen soil with the same quantity of film water as in the 
unfrozen soil. As mentioned before, there exists a direct 
relationship between unfrozen water content and temperature; 
thus, Williams could indirectly relate temperature to 
suction. The difference in surface energy for an ice-water 
and air-water interphase was taken into account in the 
preparation of Figure 2.1. The ratio between the respective 
interphase energies, Oiw and Oaw, was taken to be about 0.4, 


respectively (Williams, 1966; Hesstvedt, 1964). 


Harlan (1974) presented a relationship between Gibbs 
free energy (or suction) and temperature based on 
fundamental thermodynamics. His relationship, given in 


equation 2.6 is formulated from the same physics as Equation 


Loe 
Gaes- RT (ine. P/Po} (256) 
M 
wheres: soil water potential 


temperature of soil 

gas constant 

molecular weight of water 

vapor pressure of soil water 

O = vapor pressure of bulk water at T and P 
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Legend 

© Leda clay KNB 
© Iron ore 

© Niagara silt 

9 Winnipeg clay B 


4 Leda clay GC 


— Curve of w= £ aT (see text) _ 
Tg 


| 
| 
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0,1 0,2 0,4 06 0,8 1,0 2.0 4,0 60 80 10.0 20,0 
Suction kg/cm? 


FIGURE 2.1 THEORETICAL AND EXPERIMENTAL 
RELATIONSHIP BETWEEN’ SUCTION 
AND TEMPERATURE. 
(AFTER WILLIAMS, 1963) 


BOLO 


=10:0 


-1x10° -1x10° -1x10° ~1x10” -1x10° 
SOIL-WATER POTENTIAL -cm of HO 


FIGURE 2.2 THEORETICAL RELATIONSHIP BETWEEN 
FREEZING POINT DEPRESSION AND SOIL- 
WATER POTENTIAL. ( AFTER HARLAN, 1974 ) 
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Equation 2.6 relates theoretically the freezing point 
depression to the soil-water potential. This is shown 


Graphically ®ineFigures 2.2. 


Ss Oce@theucuctiOng Nmraglfrozenm sole iss pdue alton etic 
lowering of the water potential (or freezing point 
Gepression) se tlommerquation, 2.3: it follows that the 
application of pressure to the System would influence the 
hegative pressure in the soil water. Wissa and Martin (1968) 
presented an excellent discussion of the effects of pressure 
on freezing point depression. They concluded fron 
examination of pertinent research (Beskow, 1935+e"%illerepet 
al, 1960; Williams, 1963) that, under application of a load, 
the pressuce on the ice remains constant while the pressure 
on the water changes according to a modified form of 
BQuata ond . 2 


cTad= Veto (2.97) 


where: dPw = change in pressure on water (kPa) 
dT = freezing point depression (°C) 
(the remaining symbols are as previously defined) 
Aecordingy too Equation) | 2.7, decreasing the water 
pressure hy 100 kPa lowers the freezing point by 0.0803°C 
(and vice versa). However, when dealung @withsla »realawisois. 


Syoteni] thers authons) sreport, | that) ~cavatation of, waters, wild 


OCCNTeatea tensionsof aboutey5 kPa. 


This corresponds to a freezing point depression of 


0.06°C. This temperature at which cavitation supposedly 
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occurs appears to be extremely warm in light of experimental 
Studies presented in the following section which demonstrate 
moisture movement in a soil at temperatures near -2.0°C 
(e.g. Kudryavec, et al 1973). It is Suggested that the 
present state of knowledge regarding cavitation in a frozen 
soil-water-ice system is not ata point where an adequate 
understanding of its influence on moisture Migration in 


frozen soil exists. 


Many experiments have been conducted to Study the 
Otigin and magnitude of heave pressures. Taber (1929), 
Pennera. (1959), (1963), (1962) pe ed versa et an) (1960) , 
Hoekstra, et al (1965a) and Hoekstra (13696) all. performed 
tests to evaluate heave pressures. The tests were similar in 
that the movement of the soil due to frost heave forces was 
restricted by pressure measuring devices: i.e. very little 
or no movement was allowed. Pressures up to 1,400 kPa and 
higher have been measured in fine-grained soils in the 
Laporatory (Hoekstra, 19€9b). Penner (1970) conducted a 
field frost heave test on Leda Clayes tUSING -aeerigid,. non- 
yielding plate equipped with a load cell to measure heave 
pressures, Penner obtained values up to 1,800 kPa. The 
pressure on the plate, however, was not due only to heave of 
the soil directly below the plate but, in addition, to heave 
pressures from soil in the general area. The method of 
pressure transfer from heaving of the outlying soil was 


considered to be arching due to soil stiffness. 
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It is felt that these types of tests are not indicative 
of actual frost heave pressures developed under normal 
circumstances where a soil is allowed to heave with only 
modest overburden pressures applied. A probable reason for 
such high pressures under a zero-movement condition is that 
the growth of an ice lense was impeded. This situation would 
not be expected to occur under normal loads. It is expected 
that a significant proportion of the heave pressure measured 
in the above tests could be attributed to the volume change 


of water to ice, 


Arvidson and Morgenstern (1974) and later McRoberts and 
Nixon (1975) proposed the concept of "shut-off pressure". 
This pressure is defined as "the stress at the frost line 
which will cause neither flow of water into or away from the 
freezing front". ..Short=term frost: heave tests (several 
hours) by -Arvidson (1973) and Hill. (1977) indicated. that 
SuUuusoLf eeplessures exist/for asgiven. frost suseptible soil. 
However, longer frost tests (up to several days) by Hill 
(1977) and by Penner and Ueda (1977) showed that under high 
overburden pressures asof 3400) -kPayu Water «was nid a Lay, 
expelled from the soil but after about one day the process 
Was reversed and water intake, and subsequently frost heave, 
commenced under the same load. No attempt in either testing 
program was made to study the effects of even higher 
pressures,,. probably because. it . would, .bring the test 


conditions out of the realm of normal engineering design. 
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These latter tests, then, introduced some doubt as to 
whether a shut-off pressure does, in fact, exist for a soil 


Water system. 


The results of the above long term heave tests also 
Showed thet the heave rate decreased slightly with time. No 


adequate explanation was offered in either case. 


In experiments involving the effects of pressure and 
temperature on the growth of ice in an ice/quartz 
filter/water system, Biermans, et al (1976) and Biermans, et 
al (1978) found what appears to be a shut off pressure. 
Their test set-up consisted of a large ice crystal (diameter 
en? UP) PoOverParthineguartz filter (pore size =" 50fnn) #which 
separated the ice fron super-cooled water. Various 
temperatures and pressures could be applied to either the 
Tce Boreethe Evater 2s Results) Fshowed@ tthat,® atl a Peertain 
Temperature, ice growth Gwould! "occur withian increaseiin 
water pressure (or, likewise, decrease in ice pressure). 
When the water pressure was decreased to a certain point, 
the growth of the ice crystal stopped and further decrease 
in water pressure caused the ice to melt. Moreover, the 
behavior was in accordance with that predicted by the 
Clausius-Clapeyron equation (Equation  2.3).. Vignes -and 
Dijkema (1974) explained the results by suggesting that the 
suction force is developed in the thin, unfrozen, absorbed 


water layer between the ice and the quartz filter. 
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The fact that the relation between temperature and 
pressure in these experiments follows Equation 2.3 to a much 
higher degree than in a frozen soil-water system is an 
important point. It is suggested that a reason for this 
could be the difference in the properties of the absorbed 
film layer between the two systems. The water film within 
the ice-quartz filter interphase would be held less 
tenaciously due to the relatively low activity of quartz. 
The bonding forces in quartz are derived from the ends of 
broken tetrahedral crystals resulting in a very low 
potential to attract water. Thus, the water layer would be 
expected to have little structure and should not possess a 
very large potential difference from that of free water. 
Therefore, the water film would be more easily affected by 
temperature and pressure. In a soil-water system, however, 
the unfrozen film is strongly attached to the particle 
surface. The actual forces involved within the film are 
uncertain, but it is thought that the cumulative effects on 
the properties of the film would be far greater than in the 


Simple filter-ice-water system. 


iMeadare1oOn, the introzen {211m “in Soile 2s “far more 
extensive than is the single layer between the ice and 
quartz falter, A somewhat continuous network of 
interconnecting films exist in frozen soil. The extent of 
unfrozen water is present throughout the frozen zone. 


Therefore, the effects of temperature and pressure 
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Variations are distributed over the entire frozen zone. 
Actual distributions are UNKNOWNE wate this Ttime. The 
Significance of this point is that the applicability of 
thermodynamics to model frost heave depends upon how well 
the processes within the frozen zone are understood. In a 
soil system complicated, interrelated phenomena make 
thermodynamic modelling difficult. The processes are also 
probably time dependent introducing an additional parameter 


to be included in the analysis. 


The tests of Hill (1977) and Penner and Ueda (1977) 
were designed to investigate the influence of pressure and 
temperature on frost heave rates. More recently, Penner and 
Ueda (1978) proposed an empirical relation to connect the 


three parameters with one equation: 


2 (P/T) 
= elo 


dH/dt (2. 8) 


where: dH/dt = total heave rate (mm/min) 

P = overburden pressure (kg/cm2) 

T = cold-side temperature (°C) 
anceveatevconstants (function ot soils type} 


re) 


Results from tests on various soil types are shown ona 


TOg=Loge plot, in ari gure. 2.3% 


In their paper, the authors concluded that heave rates 
are affected by the cold side temperature only since no 
correlation between the rate of frost penetration and heave 
rate was found. It seems apparent to this author that the 


two are related; the rate of frost penetration is determined 
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FIGURE ¥225 


E, kglicm 1), WHERE T= THE DEGREES BELOW 0°C 


THE RELATIONSHIP OF HEAVE- RATE 
TO OVERBURDEN PRESSURE AND 


STEP TEMPERATURE. 
(AFTER PENNER AND UEDA , 1978) 


ZS 


by the temperature of the cold end of the Sauples)), It. is 
suggested that the lack of correlation results from the non- 
steady state condition during freezing. The rate of heave is 
controlled by the temperature gradient ata microscopic 
level which is affected by particle configuration, ice 
configuration, flaw of water, etc., and is hearly impossible 
to identify accurately. During steady state conditions, 
i.e., when the frost front has stopped advancing, it would 
pe expected that the temperature gradient in the frozen zone 
would be a controlling factor on the rate of heave. This is 


discussed further in Chapter V. 


Penner and Walton (1978) proposed a method of analysis 
to include the effect of overburden pressure on the rate of 
ice accumulation within the frozen soil. Based on semi- 
empirical relations only (by differentiating Equation 2.8 
with respect to temperature) they obtained correlations 
which indicated that higher pressures will cause the rate of 
ice accumulation near the zero degree isotherm to decrease 
and to cause faster accumulation deeper within the frozen 
zone. Examples of this are given in Figure 2.4 and 2.5. Also 
undertaken by Penner and Walton, was an explanation for the 
observed decrease in heave rate with time. The authors 
introduced "ice segregation ratio" which is the ratio 
between the total amount of heave and total Prost 
penetration. Assuming that heaving is uniformly distributed 


over the frozen zone they presented the relation: 
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COLDSSVOE SPEMPERATURE 1, 2 


ICE ACCUMULATION RATE VS. COLO 
SIDE TEMPERATURE FOR SILT. 


( AFTER PENNER AND WALTON,!1978 ) 
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dH/dt = Ro(1 - h/x) (2. 9) 


where: dH/dt total heave rate (mm/min) 


h = heave (mm) 
x = frost penetration (mm) 
Ro = intial heave rate (mm/min) 
h/x = ice segregation ratio 


The correlation with actual lab tests on Mackenzie 
Valley silty clay was acceptable for a relatively short 
period of time. The calculated heave rates (based on 
Equation 2.9) at the end of the experiments, the longest of 
which lasted 12.5 days, was consistently higher than the 
actual heave rates. It was postulated that the reason for 
this discrepancy was that a solid ice lense prevented water 
from migrating into the frozen zone. Thus, the simplifying 


assumption associated with Equation 2.9 is questionable. 


From the discussion on unfrozen water content and 
Suction forces it seems reasonable to postulate that the 
unfrozen water is mobile and can migrate through the frozen 
zone under the action of a temperature-induced (or other) 


potential gradient. 


In 1964, Hoekstra and Chamberlain conducted electro- 
osmosis tests on frozen Wyoming Bentonite and New Hampshire 
silt in a closed system. The results are presented in Table 
2.1 below. An electric gradient of 1 Volt/cm was applied for 
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ABLE 221 


ee ee ee See a ae ee See Se SS eS eee ee — => — See ae ee re ee 


soit Temperature Initial Final W/C (4%) 
Type W/C techs trome Iocm, from 
(°C) (%) Anode Cathode 
Bentonite -2.0 344 ZS 456 
= es ASS) 134 310 
Saki ks =15 5 30 2g BY 
15.0 28 2) 40 


The test results revealed that a considerable quantity 
of water was transported in frozen soil towards the cathode. 
The authors noted that in the final state all the ice from 
the anode region was removed and large bodies of ice were 
formed in the vicinity of the cathode. Shrinkage cracks were 


observed near the anode. 


Thesmobalityaofrathe ~water Sfilm. andi’the? effect ‘of 
temperature on the degree of mobility was adequately 
demonstrated in the above tests. The fact that flow was 
induced by the application of an electric gradient should 
not be unexpected. Vershinin, et al (1949) showed that the 
conductance of frozen ground was higher than anticipated for 
either dry soil or ice. He concluded that a continuous water 
Fiime aroundyethe® soileiparticlesyimustrexistsehHoekstrasiand 
Chamberlain attributed the high volume of the electrically- 
induced flow to an excess of cations in the film water due 


to the fact that solutes and other impurities are excluded 
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from the ice phase. 


Hoekstra (1965) performed electrical conductance tests 
on frozen Wyoming Bentonite. From the results, he concluded 
that: 1) conductance per gram of frozen soil is independent 

of total water content 

2) at low spacings, mobility of the film is almost 
independent of ionic species 

3) ronnie may be controlled by the degree of 
Hydrogen bonding 

4) films are continuous since the conductance from 
tests coincides to an adequate degree with that 


predicted by theory. 


The actual measurement of hydraulic conductivity, or 
permeability, in frozen soil was undertaken by Williams and 
Burt (1974). They used a special device in which a frozen 
soil sample was separated from lactose solution baths on 
either side by means of a ‘wettable" porous membrane. A 
pressure was applied to a lactose bath on one side at 
various temperatures and the flow into the other bath was 
measured. Permeabilities based on Darcy's Law could then be 
calculated. Typical results are given in Figure 2.6. A major 
drawback to this method was that the membrane pores were too 
large to prevent lactose molecules from passing through. 
Thus, one side of the soil became saturated with lactose 


Causing melting of ice in this region. Some consolidation 
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could have occurred as a consequence of this partial thawing 
and application of pressure which would result ‘in the 
generation of some excess pore pressure. The significance of 


this effect was not examined by Williams and Burt. 


Harlan (1974) discussed the flow of moisture in natural 
frozen ground. He mentioned other factors besides 
temperature that would influence migration rates in the 
natural environment such as the distribution of ice lenses, 
gGuantity and type of solutes, configuration of cracks, etc. 
He also presented the frozen permeability, Kf, as a function 
CreWwater potentials Thiseis Sshownein= Ptgure 2778 Thee atrozen 
hydraulic conductivities presented in Figure 2.7 were 
calculated from the observed rates of flow and thermal 
GeadsentsS Sin = errozen = erairbanks “sidt™ “reported =by Hoekstra 
(1966). From these values of permeability Harlan estimated 
rates of moisture migration in this material to range from 


Us 0S=to sieen/ycars 


Several tests have been conducted to evaluate the 
DEGLatione wlatess Oreeliguids and) Soladmince1Uslonsminesingle 
crystalline ice. The purpose of discussing these tests is to 
Snow se the== moby lity= sof spartrclées! through ice, thereby 
PEOVIGINng =a “basis for tpostulating: that! ice! Mand water, 
likewise, are mobile in a frozen soil. This will be made 


clearer in the following discussion. 
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Migration rates of a liquid brine pocket with those 
predicted on the basis of diffusion theory. They obtained 
Migration rates of 50 to 150 microns/hr at temperatures in 
the range of 5 to 15°C. These values coincided with that 
predicted by diffusion only when the assumption was made 
that the thickness of the unfrozen water film is on the 
order of 100 Angstroms. This estimate far exceeds the 
thickness of the film measured by Anderson and Hoekstra 


(1965a). 


Hoekstra and Miller (1967) looked at the effects of 
temperature and temperature gradient on the movement of 
glass beads through ice. They obtained Migration rates of 0 
to € microns/hr at a temperature gradient of dine C/ CMe OG a 
constant gradient, the higher velocities were associated 
with colder temperatures. They explained the movement of the 
glass beads on the basis of diffusion of the unfrozen water 
on the glass surface. Large values for film thickness were 


calculated using the diffusion model only. 


Romkens and Miller (1:973) conducted experiments 
involving the movement of glass beads and some minerals 
through ice. Pates of migration were an order of magnitude 
higher than those found by Hoekstra and Miller (1.9.6 7)x% 
Velocities were not systematically related to particle size 
or temperature gradient and, in fact, some of the particles 
did not move at all. Also, there was no notable difference 


between tests with distilled water and those with a NaCl 
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solution. Since the diffusion model previously used called 
for film thicknesses far in excess of those observed, two 
alternate models were proposed. Both models use osmotic 
transport of water in the film as the a@riving force for 


migration. 


It is seen from the above tests that the development of 
a theory to predict behavior at a microscopic level is 
GuEbucwt ma tmmbest.a These tests are important, though, 
because they do provide more insight into the behavior the 


unfrozen film under the influence of a temperature gradient. 


The actual migration of ice and/or water in frozen soil 
behind the freezing front was observed by Dirksen and Miller 
(1966). In closed system tests on unsaturated, New Hampshire 
Silt they found that the water content of the unfrozen soil 
adjacent to the 0°C isotherm decreased with time. Moreover, 
the water content increased over an extended region behind 
the frost front with time, obviously drawing water from the 
unfrozen soil. In several samples no ice lense formation (or 
heave) had occurred, A higher degree of moisture 
redistribution was generally noticed in these samples. This 
was explained by the fact that ice lenses may tend to 
inhibit the movement of water within the unfrozen film by 
causing breaksaliummcreaecOntinuityis Of0) chew films. 8 This 


explanation was also postulated by Hoekstra (1969b). 


Hoekstra’ (1966) found sinilar results “as those * ‘above 
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for unsaturated Fairbanks silt. In open system tests, 
Hoekstra measured the accumulation and redistribution of 
water content by means of gamma-ray attenuation. He also 
found that ice lenses formed a considerable distance behind 
the frost front. Ice lense formation continued with time 
within a certain zone long after the 0°C isotherm had passed 
through the zone. Both Dirksen and Miller (1966) and 
Hoekstra (1966) dismissed the possibility of vapor transfer 
as a plausible explanation for the amount of moisture 
transfer observed. They concluded wnat, based on 
Calculations by Philip and deVries (1957), the amount of 
moisture movement possible as a result of vapor transfer 
would be on the order of 1000 times less than that observed. 
Hoekstra concluded that moisture movement through frozen 


soil may be very significant in the process of frost heave. 


Several Russian authors have studied moisture migration 
Die ocOZCNm@EsO) |. mEErShov, setae alse (1976) investigated the 
meen and redistribution of moisture in the frozen zone 
of thawing soils. The experimental setup consisted of 4 X 4 
X 15 cm clay sample covered with foam insulation and placed 
in an apparatus wherein various temperatures could be 
applied. Below freezing temperatures (-1°9C to -15°C) were 
applied to one end of the sample while above freezing 
temperatures (19°C to 10°C) were applied’ to the other. The 
Sample was allowed access to water from the warm end. 


Temperatures were monitored along the sample and changes in 
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the ice structure were recorded by time-lapse photography. 


The tests lasted up to 6 days. 


Results from tests on Kaolinite clay showed that ice 
bands of various thicknesses developed within the frozen 
zone of the thawing sample. The ice lenses became thicker 
toward the thaw front (up to 2 cm near the 0°C isotherm). It 
was also observed that as the thaw front progressed, the ice 
that was melted appeared to migrate into the frozen zone and 
served as a source of supply for new ice seams forming in 
the frozen zone. Subsequently, a decrease in water content 
in the thawed zone and related consolidation was noted. The 
results of tests on Montmorillonite were similar except that 
the magnitude of lensing was less. Additional tests in soils 
with an initial massive ice structure showed Similar 
phenomenon With the initial ice lenses increasing in 


thickness near the thaw front. 


These tests provide important - evidence that the 
Migration of moisture into frozen soil does not depend on 
the magnitude or direction of heat flux. It appears that the 
suction force is only a function of the temperature gradient 
in the frozen soil. This perception could be extended to 
field conditions where massive ice lenses have been observed 
near the surface of a degrading permafrost environment. 
Ghatwainy (19)).8)uinoved, Such ice, structures tiin sithe Mackenzie 
Valley area near Fort Simpson. Tritium dating placed the 


date of this near surface ice in the order of 100 years, 
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However, carbon dating of the peat in which the ice is 
contained resulted in typical values of 4000 years. 
Therefore, the process of moisture migration in frozen 
ground from the surface appears to be a possible mechanisn 


for the growth of near surface ice lenses, 


Kudryavec, et al (1973) performed very interesting 
closed system tests for several clay soil types. Three test 


configurations were used. 


The first set of tests consisted of placing a pre-made 
ice lense on the bottom (warm end) of a completely frozen 
Sample. The preparation of the sample consisted of 
Compacting a Slurtymin a 4a7X 4 X (29 cm mold) and quick 
freezing. A temperature gradient of 0.6°C was then applied 
with no moisture transfer to the outside allowed. The 
migration of moisture within the sample was measured by 
taking water contents of thin slices of the sample after 
completion of the tests. The duration. of the testing ranged 
from 4 to 20 days. The results are shown in Figure 2.8 (a). 
It is seen that part of the premade ice lense had migrated 
to the center of the sample where a new ‘ice lense was 
fOLved set wwds soved = byathe authors that the initial ice 
lense had developed a weaker or more porous structure during 
testing. The results provide good evidence that water can 
migrate through the unfrozen film with the application of a 


temperature gradient. 
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A second series of tests were conducted in the same 
Manner as the first except no temperature gradient was 
applied. The results from a typical test are shown in Figure 
2.8 (b). A slight increase in water content was observed in 
the frozen soil adjacent to the pre-made ice lense. The 
authors explained this migration by suggesting that a 
greater energy exists within the unfrozen water than in the 
ice lense. It is this potential difference, they conclude, 
which causes regelation of the ice lense and subsequent 


moisture migration into frozen soil. 


The set-up for the third set of experiments was similar 
to the first except that the pre-made ice lense was deleted. 
Under a temperature gradient of 0.6°C/cm a redistribution of 
moisture was observed. The results shown in Pigures 2.9 
Reveals that,,.as in the. first set of tests, an ice lense 
developed near the middle of the sample. Desaturation in the 
Warmer zone of the frozen soil caused localized stresses to 
develop, which .ledyato., irregular Crackingeorm the 6501 leeein 
addition, the cracking induced discontinuities in the flow 
lines for moisture migration; thus, the Process, ciemoListure 


movement gradually slowed down and eventually stopped. 


Similar results were obtained using other soil types - 
only the magnitude of moisture migration differed. Also, it 
was observed that, in tests with intially unsaturated 
conditions, only after the moisture derived from the pre- 


made ice lense had redistributed itself evenly through the 
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frozen soil did a zone of high water content develop. 


In 1972 Miller proposed the concept of "Secondary Frost 
Heave" to help explain the effects of ice movement through 
the frozen soil. In the process of secondary heave ice is 
transported towards the colder side of a sample by means of 
a regelation process in which a constant melting at one end 
and subsequent refreezing at the other end of pore ice 
occurs. Miller based this theory on some of the literature 
mentioned before and on the results one of his earlier 
experiments. In 1970 Miller conducted a test to examine mass 
transport of ice due to a temperature gradient in a device 
he called an "ice sandwich". This device which was actually 
a type of osmometer consisted of a container in which an ice 
layer was "sandwiched" between salt water and a body of 
distilled water, separated by a porous filter on either 
Side. Pressure could= be applied=to either™the "soil or ‘the 
water. The system was similar in nature to that used by 
hittvams sand Burts (1974)c9 The tesults! of thisetest indicated 
that movement of ice occurs as described above. A value for 
the apparent permeability of ice, kw, based on a form of 
Darcy's Law ranged from 4 x 10-9%cm/sec at -0.079°C to about 


Lax ANVareu/secrat —O.a5°C. 


Milenio. ena ndeeMal ver, et. al (1975) described the 
driving force for the regelation of pore ice as the pressure 
divstraibittaon in =thesices due to the presence of a 


temperature-induced potential gradient. The pressure 
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gradient in the unfrozen film is directly related to that in 
the ice since the ice and film are in equilibrium with one 
another. Thus, Miller, et al (1975) concluded that the 
"movement of pore ice can be a component of total transport 
whenever soil particles are separated from ice by an 
unfrozen film." Miller (1972) suggested the additional heave 
pressures developed from ice transport could be an 
explanation for the fact that Penner (1967) obtained 
consistently lower pressures than predicted by theory 
involving only primary heave. Penner based his calculations 
on the assumption that the driving force for water intake 
developed only at the freeze-thaw interphase. Miller termed 
this primary heave. It is suggested by this author that 
primary and secondary heave are related phenomenon. This 


point will be discussed further in Chapters V and VI. 


One aspectsofi Miller's theory*of)secondary heave is the 
ertecteor pore, ee) configurationyeonssthe flow Soff water 
through the unfrozen film. According the Thomson equation 
(Equation 2.1) at temperatures near 0°C the smallest radius 
Ci@atne @Sollmepore in ewhich an) ice crystal will, fou will ibe 
very large. The ice crystal in these pores would be expected 
to be spherical. Due to the nature of pores in a soil matrix 
the triangualar shaped areas adjacent to the ice crystal and 
the js0i1l parpicdecsawould be fidled with water. At colder 
temperatures a tendency for the ice crystals to extend into 


these crevices would develop. The configuration of the 


i me ot) Me an) awe [= 
; a) A eke i. oi 


ptak Edeixe os 


vi tad» Of Bossier SEeeee hot 7 ot ‘a 
oqo déle noizdttenge ab ie a8 aoe 3 
nd? dads bodetonds ‘FOC EEY Su. aula 
tiowamer! ieted 2¢ awegUeee w od ne oni fri tok 


‘ of #073. So@eanyae vate e6f£5itaeq: five” 3 


io Laagls 1658 eas Bel eacaye ‘CT Sr) 76l if + ire 


bira> $qoqanat? wel wm S78 ‘ea oleaveb : 293 
Cas. . waer) 7eacn!e4 ‘gd baer | oe 3 “07? | 
ois tsthesa + eaten’ revel (4 
2 de LUGLSS 268 OSuee te2asT .976! pafeli0. yi ge ze 


stil etev 0% oot0d eurvioh off Gsd¢ fo leeneeee pee, oO 
Ar 

rey iM: .BBSAn ASH wsis-orest? MAP SE VI Ene eeqom 

” 

DOR TS, eid : PBoBsptva tt .>7een yYuaelag~ oh 

ric? .feqenonad¢q. bate.92 92 rrehvooen oom va8aF ag) 


doeRb. ed seals! ee 7 


- 
7 


~ 


‘Y af avecad’ *TS>7OGE3 1c yr9H hs 2'sz iL’ Se In ass 2nd: 


ROLDPSRP, SOGAGAT BAS Lribsoosws eO@hli. caxestep ede 
eutbed Seeli¢aa of * 3°O 1480 catpsazegas? 96°47 eh ee 
o¢ EDiy iajol il.v leservao eel ae ida al e309 Je 
hagseayag ¢ Livee ser0G. saeHs of laseyts aot at? vag 7 y 
zhize@ itoe « al Botey 26. d3e4ed sax 67 ond 4024 | 
Sas Sete(32 S25 edzyoo3 Suarsths a267a bezeda solange ms 
aeblos ch 6.797" tly balfl2 ed Bi#ov ealoken 


49 93k. 


42 


crystals would no longer be spherical but would conform 
somewhat to the shape of the pore. This situation would 
result ina net decrease in apparent permeability since the 
water would have to travel further to advance through the 


frozen “sori, 


Miller (1978) presented a refinement of his earlier 
theories on secondary heave and included a tenative solution 
which coupled mass transport in the frozen zone with mass 
transport to the frost front. In his derivation, Miller 
discussed several methods of moisture migration. Besides 
regelation of the pore ice other forms of tranport include 
moisture migration through the unfrozen film and through ice 
free pores. Miller, Loch and Bresler (1975) discussed the 
interaction of the various modes of transport and termed the 
Summation Ob Une Geffects “Yseries=paralie transpor tits 
However, tthe notation Uwas ftoos difficult to. belcof any 
practical use. Miller (1978) circumvented this problem by 
Simplifying the coupling of mass transport in frozen soil in 


the following relation: 


Qe ak t (oN 707 met (L.V1) (2-510) 


where: Q totalm neater ily x 


kf = thermoconductivity of frozen soil 
(OT/dz) = temperature gradient in the frozen zone 
fi = density of ice 
b= "latent heat of fusion 


gal volumetric ice flux 


3 . » r ‘a v ¢. : ” B16) 7 i 7 i. it ft A 
7 ae : a ; 

| i} a foie Poe et ee le 

ad +2 eee S3Sq IeS7S0Ge Hc azPSense 

7 ' a ee a 


et - esrawd + Spyoset Bogs? 


a hs 
: 7 ee | 
$e bones ‘e ) = S pas dene ao ig RTE ¥ bib ¥ 


_ 
i 

- 
| 5A oo 


ae 
. os . ri; bale mat bal “} —~ 


, 
~ 
a 
») 
Ww 


Ay i 


oe qoqan 


nes EE Ls whiteness = 

for <4 > y | SDAOLSIG—b SUC eTeI9e? = 
A on 

¥? om = 

: noipws t Saaf whe tel 


a 
4 
onge oe Ty “nth fos Veateays, , 


~ 


So) ae 
: 1) : 


it 


a 
a 


43 


The second term of Equation 2.10 represents the heat 
flux due to the movement of pore ice through the soil torn 
histfinal expression, Muller “related the’ “rate # of © *heave; 
frost penetration rate and the velocity of the ice in the 


frozen zone by: 


FARSACD 722) | t = [ pivh + (p-pi)v(ei)][aecpy az] t (2.11) 


where: dV(W)/dz change in velocity of water intake with 


depth 
z = depth 
Vh = rate of heave 
V(G91) = velocity of ice content 
26(Y) /dz = change in Wu with depth 
= density 
Y = variable to denote amount of ice in pores 
6 = water (or ice) content 
Equation 2.11 contains many parameters which are 


difficult to analyze. Reasonable values for the velocity of 
ice content and the relation of unfrozen water content with 
Ge DtnmWOlld me eDemmdlEtacult,. at best, to obtains oti ll, the 
expression does couple the effect of moisture migration 
behind the frost front with the migration of water to the 
frost front. Miller conceded that the relationship has not 
yet been experimentally tested. He suggested that Equation 
2.11 would be amenable to computer simulation. This would 
allow comparison with experimental results from future 


tests. 
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movement of pore ice to the overall heave rate fron Equation 
2.11. Experimental results conducted by this author (see 
Chapters IV and V) indicate that the net effect of secondary 
frost heave for engineering problems may not be Significant 
when compared to that of primary heave. This point will be 


discussed in more detail in following chapters. 


In light of the above literature review it becomes 
apparent that, although it is generally agreed that water 
can be transported through frozen soil, the mechanisms 
involved, the rate of migration and the extent of migration 


are still not adequately defined. 


A few points regarding the processes of moisture 
migration in frozen soil can be synthesized from the 


literature: 


aces) Morsture migration through frozen soil is basically 
caused by the development of a temperature-induced 
potential gradient within the unfrozen water film. 

Zea) The effect of pressure on the system is to increase 
the filmethickness fand therefore, potential) causing 
a reduction in the suction pressure. The existence of 


a shut-off pressure in a soil system is questionable 
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but the available information is not adequate to 
dascount Gtetotalily. | 

The effect of solutes in the soil is to increase the 
unfrozen water content for a given temperature. This, 
in turn, reduces the soil's potential for drawing in 
water. The, effects of valence of cations is not 
totally understood but apparently lower valence 
cations increase the amount of unfrozen water more 
than higher valence cations at warmer (near 02°C) 
temperatures. The effect is not so pronounced at 
colder temperatures (Nersesova and Tsytovich, 1963). 
The rate of moisture migration in frozen soil appears 
to be dependent upon the temperature gradient in the 
frozenmezones onlysefors steadyeestate frost! sheave. 
Although Penner and Ueda (1978) seem to disagree with 
this statement, further discussion in Chapter V will 
provide more insight into the relation of temperature 
gradient with moisture migration. 

AmLegcVattonm process of ice transport anethe frozen 
zone 1S a possible explanation for the redistribution 
of water content with time. The connection and 
interrelationship On regelation with the other 
DLOCce=Ses7O1 Moisture transport (such) as) (nigration 
throughesthe Sunerozen films) will “be discussed, in 


Chaprer iV). 
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The objective of the program was to investigate 
moisture migration and redistribution in a completely frozen 
Silt sample.as a result of the application of a temperature 


gradient through the sample. 


The testing program consisted of three closed system 
and nine open system frost heave experiments. Pressures of 
50 and 75 kPa were applied in two tests (A-10 and A-11, 
respectively) using a weight and hanger system in order to 
evaluate the effects of overburden pressure on migration 
Chardcteristicsmeamn S:fcrozene soll. &xceptetor the ioad cap (9 
kPa), no loads were applied in the remaining tests. A 
Summary of the salient features of each test is presented at 


the end ofthe chapter in Table! 3% 2. 


Tritiated water was used in the water supply in several 
Lestseas a) tracer to “help identify where the ice is 
accumulating. The procedure and results of these 


investigations are discussed in Section 3.6. 


All tests were carried out using Devon silt. The grain 


size curve and Atterberg Limits are shown in Table 3.1 and 
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Figure 3.1 for two samples. Sample A was used in the first 
six tests while Sample B was used in the remaining six. The 
slight difference in properties is attributed to the fact 
that the samples were obtained from different strata. It is 
believed that this small variance in soil type should not 
affect test results to any noticeable degree since many 
other variables in the testing procedure exist that dominate 
heave and migration characteristics. These variables are 


explained further in the following chapters. 


index Properties of Devon Silt 


Sa ee —_—= —— 


Property A B 
Pa guides Limit (2) alrst© 40.4 
Pitasta: Cab im ict (6) ih 19.7 
Plasticity Index (%) WSs 2) 2060s 
Specific Gravity Zeal, Zeal 


Clay Sizes (%) 30.0 200 
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3.3 Equipment 


A schematic diagram of the experimental set-up is given 


Pore dures. 7. 


The cold room was maintained at a fairly constant 
temperature of 2°C. However, because defrosting was 
necessary for long term use to prevent ice build-up on the 
refrigeration pipes, the room was heated to at least 10°C. 


for approximately one half hour each day. 


A frost cell was the primary experimental apparatus 
used in the test program. The frost cell is an adaptation of 
the permode (Permafrost RR OR Die: see Roggensack, 1976 and 
aod ee Details of wthemmiconstruction aremeqiven jin 


PUG UIBOS eS. pe tie eee gy 5365, TANG ie sO 6 


Tice Lostecc it Sea rcmog sD.etehhon lined cy limdens. 
The outer jacket is machined P.V.C. pipe which acts somewhat 
as an insulator and also provides lateral restraint during 
application of a load. A styrofoam “cylinder was fitted 
around the P.V¥.C. and sealed with “a” silicone @sealant to 


provide additional insulation. 


The top piston was used as a heat Sink through which 
anti-freeze from the cold temperature bath was pumped. It 
also distributed the load, which was applied by means of a 
hanger-weight assembly. Double "O" rings set in grooves 


provided an adequate seal. No moisture transfer was allowed 
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INSULATED COLD ROOM(T=+2°C) 
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Stainless Steel 
Load Arm 


Barrel Clamp 
Screws 
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from the top of the sample. The base plate also served asa 
heat sink through which antifreeze from the warn temperature 
bath circulated. The external source of water from the 
burette was made available to the frozen Sample at the 
bottom through a sintered steel porous stone set into the 
base. For closed system tests the porous stone was replaced 
with a copper disc. The seal at the bottom was accomplished 


Witiea thick="GVering Fset "inea groove. 


Thermistors (described below) were encased in 1/8 inch 
O.D. hollow steel tubing which was fitted with a Swedg-Lok 
fitting. This enabled easy replacement of thermistors if a 
malfunction should occur. Thermistors were installed in the 
top and bottom plates just under the porous stone or copper 
plate. Two thermistors were also installed in the side walls 
in order to measure the temperature distribution along the 
Sample. They were spaced 2.5 cm and 5.0 cm from the base. 


The configuration is shown in Figure B-1 in Appendix B. 


The temperature at the top (warm side) and bottom (cold 
Side) “was controlled “by ‘continuous circulation “of anti- 
freeze/water mixture. The fluid temperature was maintained 
by separate Hotpack constant temperature baths. Temperature 
fluctuation was normally under 0.05°C over several weeks. 


The rate of pumping was 80 ml/sec. 


A sensitive differential pressure transducer (0-4 kPa; 


O-0.5 psi) was joined to the water supply (burette) via a 
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"T™ connection. The output (in volts) from the pressure 
transducer was then connected to the data acquisition systen 
described below. This set-up, Shown in Figure 3.7, allowed 
continuous reading of water height in the burette (and, 
therefore, rate of water intake into the Sample) over 
extended periods of time obviationg manual Cecording of 
information . Checks were made periodically and the systen 
proved very reliable producing results within 2% of the 


actual readings (which could be interpolated) to Osa¥ ma) . 


Vertical displacements were monitored using a 6 volt 
excitation LVDT (Linear Voltage Displacement Transducer) 
accurate to 0.025 cm. The output (in volts) was recorded on 


the data acquisition systen. 


It was decided that, due to their increased accuracy 
and adaptability to the data acquisition system, Atkins No. 
3 thermistors would be used instead of thermocouples. The 
thermistors were calibrated with a Hewlett-Packard quartz 
thermometer accurate to 0.001°9C, However, due to the 
inherent difficulties in calibration and to changes in 
thermoconductivities of the calibration medium (ethyl 
alcohol-water mixture) and the material into which the 
thermistcrs were placed (aluminum, pvc, Teflon ia wt: is 
expected that the temperature measuring system 1S accurate 
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A Fluke data acquisition system employing a digital 
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FIGURE 3.7: SCHEMATIC DRAWING OF AUTOMATIC 
WATER-INTAKE MEASURING SYSTEM. 
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voltmeter was used to obtain output from thermistors, LVDT 
and pressure transducer. The information, in vaitst was 
Stored on a cassette tape by means of a Techtran cassette 
recording device. The cassette tapes were periodically 
"dumped" into a computer file space where the output could 
easily be converted and plotted using relatively simple 


computer programs. 


A description of sample preparation is best 


accomplished by dividing the process into four steps: 


1.) Slurry Preparation was achieved by mixing air-dried 
Silt with de-aired, distilled water. The mixture was 
allowed to stand overnight to permit saturation. The 
slurry was then poured into a vacuum dessicator. A 
vacuum of approximately 680 mm Hg was applied while 
vigorously vibrating on a shaking table for at least 40 
minutes. This process removed nearly all entrapped air 
as was demonstrated by Hill (1977). After preparing 
samples in the same manner described above Hill 
performed B tests which resulted in values of B very 
neat vunitvesignityiog “a high «degree (of saturation. 


Water contents of the slurry ranged between 50% and 


E0%. 
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Consolidation of the silt slurry to 100 kPa was 
performed in two stages in an oversized (A273 cm, I.De) 
consolidometer. The time to t-100 as determined fron 
the change in height - log time plot averaged near 18 
hours for a sample with an initial height of 18 cm 
(Final height = 12 cm). The water content after 
consolidation averaged between 30 and 33 percent and 


was found to be relatively uniform throughout the 


sample. 


Initial Freezing was accomplished by slowly immersing 
the sample into an open container filled with liquid 
microgen se a(T-—195°C "= 9"9-3199F). )The purpose of using 
liquid nitrogen was to freeze the sample fast enough to 
preclude moisture redistribution within the sample. As 
it turned out, although small in magnitude, some 
redistribution of moisture to the colder side did occur 
in most of the samples. Figures 3.8 and 3.9 show 
typical water eontent- ‘profiles before’ and after 
freezing. Note in both figures the drop off in water 
content near the top. This is due to the fact that the 
freezing process (in liquid nitrogen) was terminated 
before complete freezing was accomplished. The sample 
Was StOLed= in a cold roomw (Tm =4.-109C) p.and a) freezing 
continued at a much slower rate, thereby allowing time 
for some moisture to migrate from the top portion to 


the much colder lower portion of the sample. When the 
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INITIAL WATER 
CONTENT 
FINAL WATER (AFTER 
CONTENT CONSOLIDATION) 
(AFTER INITIAL 
FREEZING ) 
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FIGURE 3.8: MOISTURE REDISTRIBUTION 
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FIGURE 3.9: MOISTURE REDISTRIBUTION DUE 
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Sample was trimmed (see step no.4) much of this non-linear 
portion was cut off at the top fandivat the bottom. 
Nevertheless, in most of the tests the water content at the 
top was usually somewhat less than at the bottom. However, 
it is expected that the Shape of the distribution is 
consistent throughout the tests, The fact that the 
distribution is linear in the lower portion of the sample is 
important in that it is in this section where most of the 


moisture migration occurs. 


Freezing soil in liquid nitrogen is a delicate process. 
If the sample is immersed too quickly very high stresses 
develop causing cracking to occur. Byactialeand error ait was 
found that an optimum time to freeze Geel eC Tent heb ye tos cm 
diameter sample was about 10 to 15 minutes. Theoretically, 
it can be shown that the time for complete freezing should 
be 23 minutes if the bottom of the Sample is kept at the 
liquid nitrogen surface. However, the sample was immersed 
very slowly as the soil froze thus increasing the freezing 


rate, 


The frozen sample was allowed to warm to the cold room 
temperature of -109C. The ends of the Sample were marked 
‘top and) "hotton, respectively, and the entire sample was 
coated | with Wa “layer of ice by spraying with an atomizer, 


wrapped in plastic and stored in a freezer at T= eal fad 


Hoekstra (1965) froze a rectangular clay sample between 
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copper plates at a temperature of -30°C, However, his sample 
was much smaller (2 X 6 X 6 cm) and therefore freezing at 
this temperature was accomplished fast enough to prevent 
moisture redistribution. Time to complete freezing for 
Hoekstra was 18 minutes which is comparable to that found 


using the method presented above. 


4.) Trimming the sample was the final step, in esample 
preparation. The ends of the frozen Sample were sawed with a 
band saw to provide flat surfaces for a PLOpeESsfitginythe 
lathe. An extra slice at each end was also cut off for the 
purpose of water content determination. It was assumed that 
the water content distribution was linear through the 


Sample. 


The sample was then trimmed in the lathe to a diameter 
Slightly smaller than the inside diameter of the frost cell 
(approx. 9.95 cm). The top and bottom surfaces of the sample 
were milled flat. The sample was weighed, measured and then 
coated with vacuum grease (sides only) to help prevent any 
dessication. A thin rubber membrane was fitted around the 


Sample completing the sample preparation. 
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A. Open System Tests 


Tests A-5 through A-13 were considered open system 
ests in thae. the. trozen Sample was allowed access to a 
water supply (from the bottom only) throughout the 


experiment. 


The pretrimmed sample was placed on filter paper which 
covered the porous stone. Prior to this step the porous 
stone had been boiled in water for de=ai ring eand, asiwell. 
all water lines were de-aired. The rubber membrane was then 
Sealed at the bottom with an O-ring. The top piston was 
inserted and sealed with two smaller Csr ITGSeameiieemcylaindar 
POtt2 One or the frost. cell was Slipped over the assembly and 
clamped in place. The anti-freeze lines Teddinge+o thease top 
piston were connected and circulation commenced (the lines 
to the base were previously connected). The LVDT was set in 
place and all wiring for the LVDT, thermistors and pressure 
transducer were connected. The burette was filled and the 


top covered to prevent evaporation. 


For those tests (A-€ through A-13) where tritiated 
water was used as a tracer the only deviation from the above 
procedure was the replacement of H20 in the burette with H30 


water prior to sample installation. 


Tests A-8, A-9, A-12 and A-13 were performed with 
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frozen silt samples that contained a pre-made ice lense. The 
lense was imbedded at or near the botton of the sample. 
After the trimming process was completed a thin slice of the 
Sample was cut off near the bottom and a thin (Ose Orc) 
pre-made ice lense was frozen in between the two soil 
cylinders. In Test A-9 the lense was frozen directly on ‘the 
bottom of the sample. Care was taken to PEeVent Gany air 
voids from forming between the ice-soil contacts. Gaps due 
to irregularities on the sides of the ice lense were filled 
in with water which quickly turned to ice. The Sample was 
finally retrimmed by scraping to remove any extra ice on the 


Sides. Testing proceeded as before, 


Two tests, A-10 and A-11 involved the application of 
loads during testing. A pressure of 100 kPa was applied at 
the start of A-10. After almost one day no heave was noticed 
and 50 kPa was removed. Water intake commenced immediately. 
A pressure of 75 kPa was applied from the beginning of Test 
A-11. Re-consolidation near the bottom due to partial 
thawing delayed water intake for 7-9 hours. Open system 
tests were usually conducted for a Pervodof15) “to, mee days; 
however, footnote asted © 4 total »Ofm 22, days. Cold 
temperatures (top) remained constant at around -4.29C. Warm 
temperatures (bottom) were relatively —constant “at. ‘or 
Slightly above 0°C. Upon completion of the tests samples 
were again weighed and measured. Photographs were taken to 


record the position of the ice lense. 
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The sample was then cut into slices approximately one 
centimetre in thickness. The outside portion of the slices 
were trimmed and the remaining portion weighed and oven- 
dried (105°C) to determine the water content. In tests where 
tritiated water was used, approximately one half of each 
Slice thought to contain tritium was Stored in a water-tight 
container. These samples were later tested” for) tritd on 
concentrations as described in Section 3.6 on tritium 


analysis. 


B. Closed System Tests 


=——— 


Three tests, A-2, A-3 and A-4 were conducted as closed 
System tests in that the sample was not allowed access to 


water throughout the experiment. 


Prior to testing the porous stone in the base was 
replaced by a round copper plate sealed with vacuum grease 


in the same manner as the top plate had been. 


The test procedure involved only the placing of the 
Sample in the frost cell as described for the Open systen 
tests. No monitoring of vertical deformations was required 
but an LVDT was nevertheless installed as a check. As 
expected, no observable deformations were recorded. 
Temperatures at the top and bottom plates were the same as 
for open system tests, -4.2°C and USC, respectively. 


Duration of the tests ranged from 11 to 16 days. 
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Upon completion of the tests, Samples were cut into 
slices for water content determination as previously 


described. 


The use of tritiated water (generally denoted as H30) 
to trace the movement of water ChEough so: is es wel) 
documented (Guidebook on Nuclear Techniques in Hydrology, 
1968). Cne important application is the Monitoring of 
groundwater infiltration rates in order to evaluate the 
effect on apparent groundwater recharge (Blume, et al, 


1967). 


Tritium is essentially a water molecule with an atomic 
weight of 3 in which the two hydrogen atoms each contain two 
added neutrons (in addition to the one proton). Being 
unstable, the isotope decays by emitting very small beta- 
particles. The half-life of tritium is about 12.5 years. Due 
to the fact that only a small concentration is required for 
detection “(less! thane pei (micro curry) per liter of H20) 
and that the size of the emitted particles is small and not 
very strong radioactively, the use of tritiated water in the 
laboratory is relatively harmless. Beta-particles cannot 


penetrate the skin but precautions should be taken to avoid 
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inhaling vapors directly. 


The main advantage of using tritiated water as a tracer 
is that it causes no Change in the natural condition of the 
Soil (Corey and Horton, 1968). The only difference 
physically between H30 and 4H20 is that the isotope has a 
Slightly higher density due to the added NCUCTONS Aw bute the 
difference is so slight as to be AN SiG nid ca ntes siti caesoaand Ss 
completely homogeneous and isotropic with respect to 
density, material type, pore size, Pertecabalityoss etc... ait 
would be expected that a layer of tritiated water would move 
through the soil along with and at the same rate as the 
adjacent ordinary water. However, in studies where tritiated 
water was injected into a natural soil SV¥Stemuine at hewlisti eld 
(Zimmerman, et al, JI63)e a tf wacinoticed that vin time, the 
Originally distinct tagged layer would become more diffuse 
indicating some dispersion of tritiated water ahead of the 
tritiated/non-tritiated boundary. This is due primarily to 
Liceevariabi lity wor soi 1 permeability at the microscopic 
level. Water will travel faster through the larger voids; 
therefore a "fingering" effect occurs in these areas whereby 
some tritiated water will move ahead of the interphase and 
disperse with the ordinary water until ultimately a 
distribution of H30 concentration results rather than a 
distinct layer. Depending upon the nature of the 
distribution one can evaluate the extent of Migration (and 


therefore velocity) of the tritium D¥eeCOUCOSINGwsa, zone sat 
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which the distribution is greatest. 


we ee 


The test set-up was identical to that described in 
Section 3.5 except the distilled, de-aired water in the 
burette was replaced by distilled, de-aired tritiated water. 
The concentration of tritium was about one micro Curry per 
200ml H20. Also, the porous stone was boiled in the 
tritiated water to ensure that any water entering the sample 
had the same concentration of H30. The frozen Sample was 
allowed access to the tritiated water at the start of the 
test and migration into the frozen soil commenced. The 
Sanpie Siwasie cut. Gnto thin slices, approximately one 
centimetre in thickness, after the test was completed in the 
Samé manner as in non-tritiated tests. The outside portion 
was trimmed off to eliminate variations due to boundary 
effects. Approximately one half of each slice was then 
placed in air tight containers and stored. The Samples were 


allowed to thaw. 


The fins © step in the analysis oe tritium 
concentrations was the extraction of water from the soil. 
After thawing, an equal amount of soil (by weight, 
approximately 20 to 30 grams) from each slice was put into 
separate test tubes. The tubes were placed in a centrifuge 


for 10 minutes at 17,000 rpm. One gram of clear, tritiated 
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water was then extracted and stored in aibtight containers. 
A standard liquid scintillation process was performed on the 
liquid in the viles. The results of this process are 
expressed as H30 disintegrations per minute (DPM). For a 
given amount of tritium contained in thel extracted Siiquid 
there exists a certain DPM. For easier interpretation, the 
DPM count of water from each slice is expressed as a 
percentage of the DPM count of water from the GEOSCVOME TOT 
instance, if the water in the Tayetre OL eesod)inearest art hea 
porous stone (bottom slice) had been completely replaced 
with tritiated water the corresponding percentage of new 


(tritiated) water would be 100%. 


A discussion of results from three typical tests is 


Gavenein Chapter V- 


a 
#. 


194 dvouabanpiiic sh SER 


a oo 


ve ™ eS mus - . ae . p re 
Sa : ae 

eS 7 [ee ' ; = * = 
etioged, 82%  <@e 


71 : 


4 
=o 


o2 “hagtelyo:. avizies 3 


ee 


7 a 
> dmesereBc 
| a 
ee ae 


~ 


Type 
Om 
Test 


Closed 

Closed 

Closed 
Open 
Open 
Open 
Open 
Open 
Open 
Open 
Open 


Open 


Overburden 
Pressure 


(kPa) 


oO 


100 


Pre-made 
Ice Lense 


No 


No 


No 


No 


No 


No 


Yes 


Yes 


No 


No 


Yes 


Yes 


(ey 


Tritiated Length 


Water 


No 


No 


No 


No 


Yes 


Yes 


Yes 


Yes 


Yes 


Yes 


No 


Yes 


of 
Test 
(Days) 


dspool bege t2ieT 
yc jaf Et 


= 


er oe ae es ee 


A total of twelve tests were conducted on frozen Devon 
Silt. The presentation of the results has been organized 
into various. categories according to the type of test. The 
three categories and corresponding Section number are given 
below. 

Section 4.2: Closed System Tests 
Section 4.3: Open System Tests - No Applied Loads 


Section 4.4: Open System Tests - With Applied Loads 


Section 4.3 on Open System Tests with no applied loads 
includes the results from four tests involving the inclusion 


of a pre-made ice lense in the frozen soil. 


Data from each open system test includes’ the 
temperature at various points of the sample with time, the 
Change in water intake (or expulsion) with time and the 
change in height of the sample with time. Data from closed 
System tests includes only the temperature vs. time relation 
Since no water intake was allowed and an Insignificant 
change in height was observed for these tests. All data is 
presented in graphical form in Appendix B. The results are 
arranged in sequential order with respect to test number in 


order to provide easy reference. A summary of the water 
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intake and heave rates for the open system tests, as 
obtained from Figures B-2 through B-13, is provided in Table 
4.1 (page 93) along with pertinent details of each test. The 
numbering and position of each thermistor, as used in the 
temperature-time plots of Appendix B, is schematically shown 


in Figure B-1. 


The water content profiles, before and after testing, 
are presented graphically for each test at the end of the 


appropriate section in this chapter. 


4.2 Closed System Tests 


SS See Se —— es 


Three closed system experiments were conducted on 


initially uniform, frozen Silt, A-2, A-3, A-4. The results 


are presented graphically in Figures 4.1, 4.2, 4,3, 
respectively. 
The results clearly indicate some moisture 


Dedistrtbution an thes frozen | zone as) a’ result of a 
temperature gradient of about 0.45°C/eom. The maximun 
increase in moisture content was about 3% in Test A-2 
(time=16 days) and 1 to 1.5% in Test A-3 and A-4Y (time=11 
days). Note that the maximum extent of redistribution inealt 
three tests occurred in the zone of the Sample at which the 


Steady state temperature ranged from -1.5 to Spare kegs 


The initial water contents from the top of samples A-2 


and A-4 proved to be lower than expected. AS mentioned in 
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the previous chapter on sample preparation, it was assumed 
that, in these cases, the low initial water content at the 
top was due to the removal of the samples from liquid 
nitrogen before complete freezing had been accomplished. 
Consequently, the values of the water contents at the top 
were not indicitive of actual water contents within the 
Sample. A correction, as determined fron Figure 3.7, was 
incorporated into Figures 4.1 and 4.3 in order to establish 


probable initial conditions. 


In all three tests a very thin layer of ice rich soil 
Or pure ice was observed at the top of the sample at the end 
Of testing. Kudryavec, et al (1973) observed a similar 
phenomenom and explained it as a result of the fact that the 
top plate acts as an impermeable boundary on which migrating 
moisture would collect. The mechanism of transfer would 
probably be vapor diffusion. Due to the high temperature 
gradients and higher porosity near the top, this explanation 


seems reasonable, 


Thesetemperatures control fine A=? (Figure B-2) was not 
very good, this being one of the first tests. However it is 
expected that the magnitude of deviation was not sufficient 
to alter the interpretation of the results to any great 
degree. The perturbations in the temperatures on the sides 
of the sample in Tests A-3 and A-4 were due to the 24 hour 
defrosting of the cold room. Insulation of the frost cell 


was not sufficient to eliminate the effects of large outside 
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temperature fluctuations. Since the temperature of the room 
during defrosting was not consistent over long periods of 
time, the effects on Sample temperature also varied 
throughout the testing program. In most of the test (open 
and closed system) some defrost-induced temperature 
fluctuations were observed. It is thought that, although 
these perturbations may have some influence on moisture 
transfer, the effects on the results should be Minimal since 
ail moisture contents were obtained from the middle portion 
of the sample where temperature fluctuations Should be 


wis uGnat cant. 


Mass balance calculations indicated that approximately 
0.015g/hr of moisture was transferred from the Warm zone to 
the colder zones of the Sample. The calculations were based 
on the assumption that no moisture had transferred to the 
outside. However, in Test A-3 a leak in the membrane allowed 
some moisture to leave the sample. There was evidence (based 
On water contents) that moisture accumulation near the 
outside of the sample was higher than at the center Lor Ya 
given elevation in the sample. This was probably due to the 
difference in temperature of the center and the outside of 
the sample. Thus, some moisture migration to the outside 
must have occurred. Since the rate of moisture transfer was 
based on water content measurements taken at the center it 
was reasonable to find that the migration rate in Test A-3 


was less than that of the other two tests. 
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FIGURE 4.2: MOISTURE MIGRATION GRAPH FOR TEST A-3 
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FIGURE 4.3 MOISTURE MIGRATION GRAPH FOR TEST A-4 
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Seven open system frost heave tests were conducted on 
frozen silt under a condition of zero overburden pressure. 
Theerduration ot s testing ranged from) 15: \to 22 days. The 
results of water content determinations, before and after 
testing, abe egiven in Figures 4.4 through 4.10. Data 
concerning sample temperature, heave rates and water intake 
rates are contained in Appendix B. A summary of frost heave 


rates and heave characteristics is presented in Table 4.1. 


Tests A-5 and A-7 were conducted with samples 
containing no initial ice lense. The moisture migration 
graphs (Figures 4.4 and 4.6) show a dramatic increase in 
water content above the newly formed ice lense. The rate of 
increase of new water in the frozen zone (above the ice 
lense only) averaged nearly 0.24 gm/hr. It is not known 
whether all the water migrated into the frozen soil prior to 
ice lense formation or whether the migration was an ongoing 


process occurring Simultaneously with ice lense formation. 


It should be noted that, although test conditions were 
kept as consistent as possible, the location of ice lense 
formation for the two tests was quite different. In Test A-5 
the ice lense developed approximately 0.7 cm behind the zero 
degree isotherm whereas in Test A-7, an ice lense was formed 
directly ©7on “the ="porous e*acone. “In fact, “he friter "paper 


separating the porous stone from the soil was totally 
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engulfed by the ice lense; thus, no soil at all remained 
below the lense. It is expected that the interruption in 
heave and water intake (Figure B-7) near the beginning of 
the test resulted from the passage of the lense through the 
filter paper. This anomaly could also be an explanation for 
the reduction in heave rate (about one half of that for Test 
A-5) since the suction developed in the more-permeable 


porous stone should be less than that in the silt. 


Test A-6 was originally designed to duplicate Test aA-5 
in an attempt to achieve reproducibility of results. 
However, during the first night, the warm temperature bath 
(thermistor 74) malfunctioned causing the sample to 
partially thaw from the bottom up. Approximately one half 
the sample had thawed. As seen in Figure B-6 water intake 
during the melting period was significant while the amount 
of heave was minimal. This difference is explained by the 
fact that the movement of the L.V.D.T. was restricted 
somewhat for the first 18 hours. The sudden release of the 
L.V.D.T. arm iS seen to have taken place after this time 
(Figure B-6). It is expected that the actual heave rate was 
CONS tants, EOmMF zero,, to 25) hours... This: is «shown as. a dashed 
line in the figure. After the warm bath was adjusted down to 
hear 0°C again, refreezing commenced. The heave rate dropped 
considerably as several thin ice bands developed. 
Photographs of the sample after testing revealed an ice 


Structure which was basically reticulate in nature with thin 
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interbedded seams of ice. The highest percentage of ice 
accumulated near the middle of the sample (Figure 4.5). The 
water intake and heave rates after freeze-back had been 
accomplished were greatly reduced to a fraction of those for 
Tests A-5 and A-7 (see Table 4.1) The important point here 
is that water was being drawn into the frozen silt at a 
fairly constant rate resulting in a constant heave rate even 
though no ice lense had _ been developed. Frost heave and 


moisture migration was occurring within frozen soil. 


It is noted here that a Shitt in calibration 
characteristics of the thermistors had apparently been 
occurring during the testing program. For tests after A-7 
the actual absolute temperature at the four locations of the 
Sample would have been sightly lower than that indicated by 
thermistor readings. This discrepancy was noticed when the 
bottom thermistor (No. 74) recorded a temperature of about 
0.2°C at a time when ice was forming in the bottom plate and 
water intake lines. Since recalibration would have been an 
extremely Giri ficiit etaskesdt Was sdecided Ito ‘keep ‘the 
calibration curves as they were. The temperatures presented 
at the bottom of Figures B-8 through B-13, therefore, should 


be approximately 0.2 to 0.3°C lower than shown. 


FOUL SODCNmesystememtests 4 (A-8,. ,h-9 , ee A= 125 and. A-143) 
involved the examination of the effects of a pre-made ice 
lense on the migration characteristics of frozen soil. The 


dUvatd On of the testseeranged frome, S.7esto 22° days. ~The 
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results, shown in Figures 4.7 through 4.10, reveal that some 
increase in water content had occurred behind the pre-made 


ice lense to varying degrees. 


The results from Test A-8 were disappointing in that 
very little migration of water had taken place in the frozen 
soil. A new ice lense formed near the bottom of the sample 
and a large increase in water content (final water content = 
96%) in the layer of frozen silt between the two lenses had 
occurred. Relatively no change in the pre-made ice lense was 
observed and only a slight increase of water content above 


the pre-made lense was noted. 


The phenomenon of the growth of an ice lense directly 
on the porous stone was examined further in Test A-9. Since 
the new ice lense in Test A-7 had formed in this manner it 
was thought that a pre-made ice lense could likewise develop 
a suction within the ice-porous stone interphase and draw in 
water to feed the lense. However, the heave and water intake 
datas ins Figure SB-9As reveal that virtually no heave had 
eventuateds Mes sliqgurerluctiations: were | a. Lesdltevot the 
opening of the water lines to check whether freezing had 
blocked the flow of water. Only once had freezing of the 
lines occurred. The lines were quickly thawed. Since heave 
could not be induced with an ice lense directly on the 
porous stone the test was stopped after 70 hours, concluding 
Pott a Ob ee lost aA =o CAN LaveLr of Silt. (aboue, .1 to. 2. mm 


thick) was spread on the bottom of the lense. 
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The second part of Test A-9 (part B) was conducted £0 
another 10 days. No heave or water intake was observed 
(Figure B-9B). The water intake profile shown in Figure 4.8 
reveals some increase in water content above the pre-made 
ice lense even though no alteration of the lense itself 


could be identified by visual inspection. 


A third open system test with an embedded pre-made ice 
lense was conducted in an attempt to obtain more information 
on the migration of moisture from the lense into the frozen 
soil. It was the original intention to continue Test A-12 
for a long period of time under warmer temperatures (cold 
temperature=-2.5°9C) but problems with temperature control of 
the cold room caused cessation of the test at 5.7 days. Even 
after this relatively short period of time some increase in 
water content above the pre-made ice lense had occurred 


(Figure 4.9). 


Abrupt changes in heave characteristics were noticed 
after about 55 hours of testing. The results in Figure |) B=12 
indicate that partial melting from the sides must have 
resulted when the cold room warmed. Some expulsion of water 
due to consolidation occurred. The configurations of: soil 
within the freezing zone probably changed since water intake 
and heave stopped at this point. The lowering of the cold- 
Side temperature to -3.5°C was not effective in inducing 


heave. Ice formation was reticulate in nature; thin lenses 
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were on the order of 0.5 mm thick. 


Test A-13 was the final experiment involving a pre-made 
ice lense. The experimental setup was similar to that of 
GestVA-\Z The cold temperature, however, was set at -3.79C 
to prevent the sample from thawing as happened in Test A-12. 


The experiment lasted 22 days. 


Results from Test A-13 proved to be very interesting. 
The moisture redistribution curve (Figure 4.10) shows 
conclusively that moisture from the pre-made ice lense 
migrated into the frozen soil above the lense. A Significant 
increase in water content was observed in this Sores 
Moreover, the structure of the pre-made ice lense after 
testing was observed to have been very pitted and porous in 
nature within the upper (colder) portion of the lense. This 


Can be seen clearly in’ Figure &.11b. 


The new ice lense which developed below the pre-made 
dense 15 Sschown--inePigure.it.iia.. Ak. -thin layer of soil 
separated the new ice lense from the porous stone. The layer 
of frozen soil between the two ice lenses contained a very 
high ice content with several thin ice seams interbedded. As 
with the other open system tests, the heave rate decreased 
with time. Figure B-13 illustrates that a Significant 
decrease in heave rate occurred after about 100 hours. 
However, no noticeable change in temperature or other 


boundary conditions was observed. 


ea . 
oc ivio@wnt 2 ageae * a Pee. 1. & 


7 : iL Pe) vi ae 
; me OS ps, 7 
2 gotes Levaowlsogge) 4 
ee A 
‘ aa npauoer y@ 1” 7h. sweet CA8 
: a : 
LE ie eed? ao: S0gReea 
j ‘a See 
Me 
ow i) ie Sn 
ap 2 U at? Y has seus 
» 
1 
+ =ee otal ya 
— 
ionay A aeekoonk” aaa 
XN n 
14 seussuaee Gee Vane 
| ral 2 7 
~~ s endo few Daeae 
ily _ ane 
’ . 
wid ubvsie . 
Paver a) 
i 79S. 1 fe tisees a. % 
® _ 
7 >the 
easl @g2 @9e: oat 
viet 7 
‘ ; ee oe Te i iain | ; i 
. ae, & ¢ » vey 
"| e Ane with dt * zi ~Y 
: : hatte 
j _ 
Y : & 4 : <¢ eis et - , se? "0, bal {jeyti2ad Ede 1a @ 
a 
: - | nn 
. Ci mB : i 7 17s I | vs. nal Bal une YU 
fz Te 2k 19Gb 22 
) Av 


Tae re aR h7 The aie 


i 


= «9 ree : ~sip  CO9Er79C #8757 viant 


> wy gede will 
i ‘Se tall 


institen tng 
> A 


i. en | 
7 


(cm.) 


SAMPLE 


ALONG THE 


DISTANCE 


85 


STEADY STATE TEMPERATURE (°C) 
-5 -4 -3 -2 = 0 


| = 
INITIAL HEIGHT 
—— 


2 
3 OS ptempenarure 
4 
INITIAL 
5 W/C 


eee) 
NEW ICE LENSE 
8 


20 3008 40 50 60 70 
WATER CONTENT (%) 


OPEN SYSTEM 


A TIME 4.3 DAYS 


A PRESSURE 00 KPa. 


FIGURE 4.4: MOISTURE MIGRATION GRAPH FOR TEST A-5 
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FIGURE 45 MOISTURE MIGRATION GRAPH FOR TEST A-6 
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FIGURE 4.6: MOISTURE MIGRATION GRAPH FOR TEST A-7 
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FIGURE 47: MOISTURE MIGRATION GRAPH FOR TEST A-8 
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FIGURE 4.8 MOISTURE MIGRATION GRAPH FOR TEST A-9 
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Summary of Test Results 


(Open System - No Applied Loads) 


Length Water Total 
On Intake Heave Heave 
Test Rate Rate Characteristics 


nN 


4.3 0.28 0.060 -10mm Ice Lense with 
thin soil layer 
below. 

Se) Des 44) 0% 005 -One halp of sanple 


thawed and refroze. 
Reticulate ice only 


Sy nite) 0.19 0.028 -5mm Ice Lense with 
no Soil below. Ice 
formed on porous 
stone. 


‘lxis.0 0.49 0.071 -~Pre-made Ice lense 
Over 5mm soil. 15mm 
Ice Lense formed in 
thisssoid. 


30 0.00 0.000 -Pre-made Ice Lense 
with no soil below. 
No heave occurred. 


115.0 0.00 0.000 -A Imm layer of soil 
was added to botton 
Ofsice. No heave. 


ae | 0.48 0.076 -Pre-made Ice Lense 
with 9mm soil below 
Thin ice seams 
formed in this soil 


22a ORS 0.078 -Pre-made Ice Lense 
with 7mm soil below 
A 10mm ice lense 
formed in this soil 
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The testing program concluded with two open system 
tests involving the application of various loads. The 
purpose Offs these tcsts was to) study “the. “ertects sof 
overburden pressure on the location and amount of ice 


accumulation in the frozen zone. 


Tests A-10 and A-11 were conducted applied pressures of 
50 k Pa (time=5 days) and 75 kPa (time=6.5 days), 
respectively. Results of water content determinations are 
presented in Figures 4,12 and 4.13. Heave characteristics 
are shown graphically in Figures B-10 and B-14 and 


SUMMarized in Table U, 2. 


An examination of the results shows that an increase in 
water content within the frozen soil occurred in both 
Samples. An ice lense developed in Test A-10 whereas only 
thin bands of ice were observed within the sample in Test A- 


urs 


The sequence of loading was slightly different for the 
THOR teS Use ne PLES SULOnOt 100K Pay Was Jilttually wapplied, to 
the sample in Test A-10. After about 20 hours water intake 
still had not commenced. It was decided at this time that 
the load was too heavy to permit proper conditions for 
suction and frost heave to initially develop in the soil. 
Therefore, 50 kPa was removed and water intake immediately 


began. In Test A-11, pressure of 75 kPa was applied at the 
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Start of the test. An initial expulsion of water due to 
consolidation in the warmer zones of the sample was noticed 
but after 10 hours the process was reversed and water began 


to be drawn into the sample. 


An analysis of the location and rate of ice 
accumulation For sthese tests “1n comparison (“with that 
predictedsby Penner and Walton (1978) as well as Mwith 


Pesults flom Tests A-J)0 and A-11 is given in Chapter V. 
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(Cpen System - With Applied Loads) 


Length Water TOtaL: 

of Intake Heave Heave 

Test Rate Rate Characteristics 
(days) (ml/hr) (mm/ hr) 


Overburden Pressure = 50 kPa 


oy §) Dre siy) O27 Och -A 5mm Ice Lense 
formed with 2mm of 
soirl below. 


Overburden Pressure = 100 kPa 


G5 Oe ala 05012 -No ice lense formed 
Thin bands of ice 
were observed near 
the botton. 
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A few general points can be made which are common to 
all test results: 

Un) In all tests some migration of water occurred to 
Vatying@edeqrees ss in, ithe (closed jasystem, tests, a 
decrease in water content near the bottom of the 
Sample and subsequent increase in adjacent zones was 
observed. The results from the open system tests, 
although not completely consistent with respect to 
magnitude, showed an increase in water content in the 
bottom zone of the frozen sample. The results from 
tests involving a pre-made ice lense revealed that 
some increase of water content in the soil above this 
lense. It is expected this transfer of moisture was 


the result of regelation. 


Px) The extent of migration Ene the) frozen me solr 
corresponds closely to the point in the sample where 
the steady state temperature was near -2.0°9C. Of 
course, the extent of migration also depended upon 
the length of testing, pressure effects and other 
factors which will be discussed more thoroughly in 


Chapter V. 


a5) The rate of heave in nearly all the open system tests 


showed a gradual but significant decrease with time. 
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Explanations for this behaviour will also be 


presented in the following chapter. 


The open system test results presented in Figures 4.4 
through 4,12 provide valuable insight into the process of 


moisture migration in frozen soil. 


It was not clear from the results of the first two open 
System tests (A-5 and A-7) whether incoming water migrated 
into the frozen soil prior to ice lense formation or during 
formation. However, the stages of moisture migration became 
Clearer with the conclusion of open system tests involving 
pre-made ice lenses. It appears that water is initially 
drawn into the frozen soil prior to development of an ice 
lense. The incoming water moves up into the frozen zone at 
fairly high velocities due to the high suctions (see Figures 
221 and 2.2). The permeability of the frozen soil at this 
stage is high enough to allow relatively free flow within 
the unfrozen water film. Water migrates upward and freezes 
within the soil pores. As more ice accumulates in the frozen 
soil an increase in tortuosity causes a net decrease in 
apparent permeability. Eventually it becomes easier for the 
water to freeze into segregational ice than to move up 
through the soil. Thus, the formation of an ice lense 


begins. 
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This scheme was deduced from the fact that in those 
tests involving a pre-made ice lense relatively little 
redistribution of moisture occurred behind this ice lense. 
In tests without a premade ice lense, however, the increase 
in water content within the frozen zone was significant. It 
appears that the process of regelation is less dominant in 
the earlier stages of frost heave. If regelation were of 
primary importance it would be expected that the 
redistribution of moisture behind the pre-made ice lense 
would be similar in magnitude to the redistribution behind 
the new ice lense in tests A-5 and A-7 since the temperature 
gradients were the same. This was not the case. It appears, 
then, that most of the moisture migration occurred within 
the unfrozen film of the soil and not by the upward movement 
of pore ice as suggested by Miller (1972). Moreover, the 


presence of an ice lense appears to impede this process. 


The purpose of utilizing the technique of isotope 
tracing in the present study was to attempt to identify 
where and how water migration occurs in frozen soil. The 
velocity of flow in frozen soil was also a factor which was 


of interest. 


Typical results from tritiun analyses along with 


initial and final water content profiles for three tests are 
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presented in Figure 5.1. 


Figure 5.1 (A) represents the results from Test A-6 
where approximately one half the sample had thawed and 
subsequently refroze. The amount of new (tritiated) water in 
the soil decreased rapidly from almost 100% near the bottom 


to only about 8% at a distance of 3.2 cm from the bottom. 


The general shape and magnitude of the tritium curve 
for Test A=10—(Figure..5..1B)L.is very, similar to that of Test 
A-6. in Test A-10, a load of 50 kPab@’was “lapplied to the 
frozen soil and water was allowed to be drawn in. An ice 
lense about 0.5 cm thick had developed within the frozen 
soil prior to testing, are presented in Figure 5.1(C). It is 
evident that very little tritium passed through the pre-made 
lense. In fact, the quantity measured in the soil 
immediately above the lense could probably be attributed to 
contamination. However, a significant tritium count was 
recorded for the soil layer in between the two ice lenses. 
This corresponds to the increase in water content of this 
soil layer. The new ice lense would be expected to _ be 
composed entirely of tritiated water, yet the results show a 
tritium content of less than 100%. This can be explained by 
the fact the water from the thin layer of soil below the new 
ice lense was included in the analysis causing some dilution 


Of the tritoaum content. 


In conclusion, these tests provide empirical evidence 
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FIGURE 5.1 RESULTS FROM TRITIUM ANALYSIS FOR A 
FREEZING SOIL (A), FROZEN SOIL WITHOUT A 


PRE-MADE ICE LENSE (B), FROZEN SOIL WITH 
A PRE-MADE ICE LENSE (C). 
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that: 
i) Mcisture moves more freely through fnozen | soil 
without an ice lense. 
ii) Once an ice lense forms the new water collects at 
the bottom of the lense with little transfer through 


the lense. 


An estimate of migration velocities can be deduced if 
the boundary of the tritiated water can be properly 
identified. A procedure was developed to ascertain the limit 
of migration of tritiated water in the thawed portion of 
Test A-6. The results shown in Figure 5.1 were replotted 
against a normalized depth in Figure 5.2(A). From this plot 
an H30 distribution curve can be developed in which the 
percent of tritiated water is related to the normalized 
depth. This is shown in Figure 5.2(B). A regression analysis 
resulted in a mean average distribution occurring at a 
normalized depth of 65%. This corresponds to a distance of 
1.3 cm from the bottom of the sample. If it is assumed that 
most of the new water migrated into the soil during the 
thawing and refreezing process, a time for this amount of 
migration to occur can be obtained from Figure B-6. A _ time 
of 25 hours is chosen from the volume change vs. time plot 
of Figure B-6. The corresponding rate of water migration 
would be 1.3 cm/25 hr = 0.052 cm/hr. However, the average 
rate of heave measured during this period (as determined by 


the change in water intake) was only 0.015cm/hr. This value 
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TOW 


would result from the tritium analysis only if the extent of 
tritiated water migration was taken to be 0.4 cm. It 2S 
Suggested, therefore, that the migration of tritiated water 
in the refrozen zone occurred throughout the duration of the 
experiment. Assuming this to be true the resulting average 
velocity of moisture migration (during the time the soil was 
thawed and during the time it was frozen) would be 1.3 
eEnYien, hrag= £020 10nd cmY/hreny This, tvaluereds? ucloserttoethe 


measured rate of water migration. 


The above analysis was designed more as an illustrative 
exercise »than "as a “method |for determining the actual 
velocity of moisture in the soil although with good quality 
data this would be possible. For the tests presented in this 
thesis, however, there are too many factors influencing the 
results for a precise quantitative analysis to be 
undertaken. This is especially true for those tests where 
tritium was used in a completely frozen soil. Many 
difficulties including contamination led to results which 
were less than adequate for an accurate evaluation of the 
extent of tratium( migration. tAlso, an estimate’, of a value 
for the time for a certain amount of migration to occur is 
complicated by the fact that the processes involved are not 
well understood. Thus, it is not known when and how much the 
moisture migration is impeded by the formation of an ice 
lense in the frozen zone. Future tests could be designed to 


examine this behavior. 
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Se 1-3 Ice Accumulation in Frozen Soil 


The literature review in Chapter II included a synopsis 
of recent work by Penner and Walton (1978). A more in depth 
treatment of their hypothesis regarding rates of ice 


accumulation in frozen soil will be given here. 


Penner and Walton empirically obtained a relation 
between heave rate and pressure and temperature (Equation 
2.8) from open system frost heave tests. By differentiating 
Equation 2.8 with respect to temperature they obtained a 
relation between the change in rate of ice accumulation 
(heave rate) per degree Celsius and pressure and 
temperature. This is given in a generalized form in Equation 
Deilic 


d(adh/dt) = c-(P/T2) oe) (Sealh 


dT 


where: dh/dt heave rate 


P = overburden pressure 
T = temperature in the frozen soil 
c and d are constants and depend on soil type 


A aplot. off Equation 5.1 was given in Figure 2.5 for a2 
clayey silt material. The authors had no physical evidence 
for the »predictave ability of, “Equation 5.1. The results 
presented in Chapter IV provide an opportunity to test 
Penner and Walton's prediction. The results from three tests 
(A-&, A-10 and A-11) were analyzed. For each test the change 
in water content with time was calculated for incremental 


slices along the sample. This value was then divided by the 
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ACCUMULATION 


IN| RATE OF ICE 


CHANGE 


CELCIUS (mm./min./°C) x1072 


PER DEGREE 


FIGURE S53 


Pog 


DATA SOURCE 
TESTS A-5,A-10, A-II 
——-—— PENNER AND WALTON (1978) 
(EQUATION 5.1) 


TEMPERATURE (°C) 


COMPARISON OF RATE OF CHANGE 
OF ICE ACCUMULATION IN 
BROZEN SOIL. 
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average temperature of the corresponding slice. A plot of 
the results along with Penner and Walton's values eh Gener 
Saeeeenased “on Equatton 5.1.9 1S" given in Figure 5.3. The 
Wouues Of Co —~U5776 x 10,7 and) da =) .0.968 were used »in =the 
construction of the plot and were obtained from Penner and 


Walton (1978). 


Although magnitudes are slightly different the general 
Shapes of the curves are consistent. As predicted by Penner 
and Walton, more ice accumulates near 0°C at low overburden 
pressures. At higher pressures ice accumulation moves 
further into the colder zones. Therefore, besides reducing 
heave rates, overburden pressure causes the zone of heaving 
to increase over greater distance. This is to be expected 
since it was seen in Chapter II that one effect of pressure 
is to increase the unfrozen film thickness. An increased 
film thickness in the colder regions reduces the potential 
to draw in water but it also increases the mobility of water 
molecules within the film. Thus, less water would be drawn 
into the frozen soil but the extent of migration would be 


Greater. 


ee —_—— ae SS 


Frozen permeability calculations were performed for 
Test A-5. The analysis involved plotting a suction profile 
as a function of temperature throughout the frozen zone as 


per the theoretical relationship given by Harlan (1974) (see 
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PiguTeree 1). thisees. sShOWn ine rigure 5.4. The figure was 
divided into 9 sections of one centimetre thickness (plus an 
additional 0.5 cm section). The average temperature of each 
section and the change in suction from the top and bottom of 
the section was obtained from Figure 5.4. It was assumed 
that the rate of water inflow as shown in Figure B-5 
represented the rate of moisture migration into the frozen 
zone. If the Aer eon of mass is to be satisfied, this 
assumption must be true. Therefore, since the suction 
gradient and the velocity of water flow for each section is 
known, a calculation of the corresponding permeability based 
on Darey!s Law can be made. The results are shown 
graphically in Figure 5.5. Also included in Figure eo. .61S5.900a 
plot of the results from tests by Williams and Burt (1974) 
AV GeM ler (1o7On jee NL thOUugnm thc us Vdalles 2 or permeability 
given by Williams and Burt are generally higher than those 
reported by Miller or calculated from the results of Test A- 
5, a reasonable correlation is seen. it is especially 
interesting to note the shape of the plot for permeability 
Of frozen Devone silt, |) (Test) =A-5)., =A (distinct schange ~in 
permeability decreases at a much slower rate with decreasing 
temperature. Also the slope of the plotter lattensyoutimear 
the temperature, T = -—1.59C. It was mentioned in Chapter IV 
that the limit of observable change of water content 
appeared to correspond to this temperature in the soil. This 
behavior probably results from the low apparent permeability 


of frozen silt at temperatures below -1.5°C. This phenomenon 
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SAMPLE TEMPERATURE (°C) 


TEMPERATURE 
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SUCTION (HARLAN ,1974) 
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SUCTION (exclOCekiPar) 


FIGURE 5.4 SUCTION PROFILE BASED ON A 
THEORETICAL RELATIONSHIP. (HARLAN ,1974) 
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PERMEABILITY 


FROZEN HYDRAULIC 


-4 


<—k THAWED = 10° (WILLIAMS & BURT , 1974) 


kKTHAWED 810." (HILL 1977) 


WILLIAMS & BURT (1974) 


Yeux =1.96 g./ecm. 
W/C =27 % 
Pc ? 


MILLER (1974) 
(APPARENT PERMEABILITY OF ICE) 


DEVONE SIEl 7 are > ie eA 


Yen 1.80 g/cm. (FROZEN) 
W/C 33 % (BEFORE TEST) 
Pe 100 kPa. 
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TEMPERATURE (°C) 


FIGURE 5.5 FROZEN PERMEABILITY vs. 


TEMPERATURE 
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could be better examined with the development of an unfrozen 


water content-temperature curve for the Devon silt. 


It should be noted here that a change in heave and 
water intake rate was observed in Test A-5 (Figure B-5). 
Since it has been shown in Section 5.1.1¢that the increase 
in water content of the frozen soil probably took place 
prior to ice lense initiation, it can be concluded that the 
suction pressures are initiated within the frozen fringe and 
are not influenced to any great degree by the amount or 
location of ice accumulation. Moreover, the governing factor 
in the control of water intake rates (and, therefore, heave 
Cates) are most likely determined within the frozen fringe 


of the soil below the lowest (warmest) ice lense. 


tThesettectsofethe. suctions forces; within thise, fringe: gon 
water intake is apparently dependent upon the configuration 
of the ice-particle interphase below the ice lense. In Tests 
A-9A and A-9B no heave was observed although the temperature 
and boundary conditions were very similar to those of Test 
A-7 where a significant ice lense formed. It can be seen 
from Table 4.1 that water intake and heave rates are very 
inconsistent. This is attributed to the sensitivity of heave 
rate to the boundary conditions below the warmest ice lense. 
It 1S epossiblesvotecourse, thatithestrostecell tcouldsbesof 
some Significance for tests with low overburden pressure, 
thus, contributing eslLOmstheakVarlabi lity ofetestere sults. yin 


nearly all the open system testS an apparent decrease of 
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rate with time was observed. The physics behind this 


phenomenon are unclear but a general interpretation of the 


processes involved is presented in Section 5.2.2. 


5.1.5 Summary of Discussion on Test Results 


From the test results presented in Chapter IV and the 


discussion above several important observations can be made 


pertaining to migration of water in frozen soil. 


1) 


2) 


Water does migrate through frozen soil under the 


influence of a temperature gradient. 


The magnitude and extent of migration appears to be 
closely controlled by the apparent permeability of 
the frozen soil. The frozen permeability for a given 
SOll= tS as tunction jot several; factors including 
temperature (which determines the amount of unfrozen 
wateL) , amount Of ice accumulation, and _ the 
overburden pressure. It is evident that for at least 
a certain time period, the migration of moisture ina 
frozen soil is impeded by the accumulation of ice 


structures in the Erozen zone. 


The significance of a regelation process has not been 
adequately asessed; however, it appears that compared 


to water transport through the unfrozen film its 
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contribution would be small, at least for short time 
periods. The time effects of frost heave will be 


discussed further in Section 5.2.2. 


One effect of pressure on a frozen soil is to create 
a greater percentage of unfrozen water in the frozen 
soil at a given temperature. This is illustrated by 
test results from experiments with applied overburden 
pressure which showed that ice accumulates further 


into the frozen zone with increased pressure. 


Although a suction does exist throughout the frozen 
zone it appears that the seat of suction potential 
for causing frost heave is located within a small 
zone adjacent to the frozen-unfrozen interphase. The 
effect of the suction deeper within the frozen zone 
is expected to cause some redistribution. However, it 
is thought that the influence of this redistribution 
to the rate of heave would be “Small within an 
engineering time frame. This is due to the fact that 
the mechanism for moisture movement after an ice 
tense has formed is mainly regelation. It has been 
Shown that this process is very slow. The movement of 
moisture through the unfrozen water film would be 
extremely limited since the permeability in the coder 


zones is very low. 
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5e2.1 Steady State Frost Heave 


In the open system tests discussed in Chapter IV _ the 
experimental setup was designed in an attempt to simulate 
field conditions where the frost Prone has stopped 
advancing. This condition is termed "steady state" frost 
heave. It is of interest to examine the possibility of 
steady state frost heave occurring in the field situation 


within an engineering frame of time. 


It is well known that the depth of frost penetration 
can be predicted from the semi-empirical relation: 
Xe 0C// ta (2. 2) 


where: frost penetration (m) 
freezing parameter (m/hr!/2) 


time (hr) 


X 
Oo 
° 


Equation 5.2 has been tested over a two year period in 
a field frost heave test site (Slusarchuk, et al, 1973). The 
predicted penetration rate correlated well with actual field 
measurements. However, it cannot be expected that the 
penetration of frost would continue indefinately as implied 
by Bquatrion 5.2. (Thesupward flow of moisture, 9a continual 
increase in overburden pressure and a decrease in 
temperature gradient would eventually cause the frost front 
tow estop. advencingas eA sitypircal field situation is ™shown 


schematically in Figure 5.6. 
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SCHEMATIC DIAGRAM OF FROST 


WITH TIME IN A_~ TYPICAL 
SITUATION. 


FIELD 


Lis 


PENE TRATION 


> 7 aay - 
: eo ee 
(o*) Qavarngemar Sarre 


, ‘ 
| 
? 
i | o> 
, 
, é 
: 
| 
Pi = 
; ' r 
f 
p, + o~ = nr 7 
4 ~ 
} on [i 
re 
—4 P c 
UV (OG! 
; : ; 


i yin Tut 334 


_—.~- «y i > = 
Mra ioe: 7 


199 


Assuming an initial ground temperature of -10°C at the 
surface and a geothermal gradient of 1°C/30m, it is seen 
thati «steady sstatelaconditions) | with respect to ETOSt 
penetration would develop at depth on the order of 180 
meters. This is neglecting the contribution of sensible heat 
released from water drawn to the frost front and the 
important effects of overburden pressure. Advanced computer 
techniques could be developed to evaluate the time at which 
Bhaseecondationfewouldgsgactually. soccurt «but. iatew,islobvrous 
without a complicated analysis that the time to steady state 
conditions is beyond the realm of ordinary engineering 


design periods (typically 30 years). 


Although true steady state conditions are never 
achieved within typical design periods, quasi-steady state 
conditions are present at various stages of frost heave. In 
Figure 5.6, characteristic ice formations are shown at 
various depths below the bottom of a cold pipe (T = -109). A 
qualitative description of the processes involved with these 
types of formations will provide insight into the meaning of 


a quasi-steady state condition. 


Initially, the frost front moves rapidly through the 
soil due to the high temperature gradient. Water is drawn to 
(and behind) the frost front as result of the temperature- 
induced potential gradient within the warmer part of the 
frozen zone. The rate of flow of water is limited by the 


magnitude of suction and permeability of the unfrozen soil 


Le 
in | 
ef 
_ 
& ° $4 Ti) a #) 
J » at ee 


vdzeus 39, 235033 


7) DF Bagoterst od atnee oak 
ures. Siges noi s8baag! 


, / x (4 fi bs tustic yO. ; Ba: * 


o: #a¢ broyad sk-avalaks 

P ‘van 

ay, GS «liso iqgs) Shot ieg aps 
>, 


1e te $ooecee eye anal 
oe 
: kaso 3hzado) ,3.8 


1 sorted, of waked adage a 


‘ 
sie omy of? In ceivgiasaed, svi 
; - 


vo hiiv etolsaacio?D 


Li = 
fulttinon eteig Pinads 


ae¥OR 20082 vena?’ ef3- st thas Ee 
on 


ivete Sie taug@eest. nla edd: 
‘paegRe 40023 20g? a4 ‘aa 
ly te #28 sev one Shee 14elhasy abe C vice 


ad? wa 2 in 2038 ce T? 
| aioe aes 


_aiee aspos iq» pita. vay nino, 
_,* 


” J 


120 


according to Darcy's Lawe The removal of heat near _ the 
surface is so rapid and the water is frozen so quickly that 
few ice lenses are formed. A reticulate ice structure first 
develops and gradually changes to horizontal bands of thin 
ice seams increasing in thickness with this depth. This 
phenomenon was observed in Test A-6. Hill (1977) found a 
Similar ice structure in several of his tests where a cold 
step temperature was used. This process represents the 
CONMdLtIZOnN Of a atroOstacrontstnat ets Constantly advancing with 


Virtually no delays for ice development. 


As the frost front penetrates further the temperature 
gradient in the frozen zone gradually decreases. This 
produces two interconnected events. Firstly, the rate of 
penetration decreases Since there is less removal of heat at 
lower depths. es occondly,; = as “an result (of “siower frost 
penetration rates, the water drawn to the frost front has 
time to develop into thicker ice seams. A considerable 
amount of latent heat is released when water is converted 
into ice (79 cal/g). As the rate of heat removal is lowered 
(with increasing depth) the latent heat has a continually 
greater effect on the rate of frost penetration. When an ice 
lense begins to form due to some localized disturbance in 
the heat-mass balance, part of the heat removal which was 
previously causing the frost front to advance is used to 
remove the latent heat of fusion of water. Hence, a 


temporary interruption of the frost penetration results. 
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This temporary state, then, is termed quasi-steady state 


frost heave. 


The fact that the rate of frost penetration is related 
to the rate of ice formation has been shown in the field by 
Slusarchuke ™ectesial ae (lov). @eune Total amount ofmneaverrat 1a 
certain time (2.5 years) for an unrestrained cold pipeline 
was approximately one-half of that for a restrained pipe. 
However, the depth of frost penetration was 20% less for the 
unrestrained pipe. Laboratory experiments by Penner and Ueda 
(1977) showed similar behavior. This evidence clearly 
demonstrates that when the heat removal rate is constant the 
frost REO will penetrate slower during ice lense 


formation. 


The rate of water intake during this quasi-steady state 
Gondi tion 2s a functton of the bate at which the latent sheat 
of fusion can be transported up through the frozen _ soil. 
Assuming the sensible heat from the new water migrating to 
the frost front is negligible, the conservation of energy at 
the 0°C isotherm is given by: 

Q in = Q out {5.3) 
where: 
Qin = L(h/t)°A + Ku(dT/aox)urA (5. 4) 
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heat flow 

latent heat 

= heave rate 
/ox) = temperature gradient 
thermoconductivity 

area 
, £ refer to the frozen and unfrozen states 


and: 
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ByacdUatdNde 2qua tions wet manda 5S. 5apands incdludingiaa 
factor for the volumetric expansion due to the freezing of 
water, an expression for heave rate during ice lense 


formation is obtained: 


h/t = k£(aT/ax)f - ku(aT/ax)u (5.6) 
L 


Equation 5.6 represents the upper bound of heave rate since 
it was tacitly assumed that the permeability of the unfrozen 
soil would not impede ice lense growth. Also, no provision 


is made to include the effects of pressure on the system. 


DtreLSmeLMNpOLrtant. vOmnDOveminaten( ol/ox rele Guatvonn o..6 
refers to that gradient within the frozen fringe. For a 
field situation the gradient within the fringe should be 
very close to the overall temperature gradient in the frozen 
SOL eexcept. LOnme.Sligntmuavalrlacions due EG localized 
microscopic differences in thermoconductivity. In laboratory 
experiments, however, the gradient in the frozen zone was 
not linear due to the effects from the sides of the 
apparatus. This caused the temperature gradient in the 
frozen fringe to be much higher than the overall gradient in 
the frozen zone. Therefore, a difficulty arises when an 


attempt is made to apply Equation 5.6 to the test results in 
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that the actual temperature gradient in the fringe must be 


interpolated from insufficient temperature data. 


The second term of Equation 5.4 represents the heat in 
the unfrozen ground due to the geothermal gradient. For 
laboratory conditions this term can be replaced by the value 
of the heat flux into the soil from the warm (bottom) plate. 
Unfortunately, the heat flux from the plate was not 


measured, introducing additional unknowns into Equation 5.6. 


The theoretical conditions for quasi-steady state frost 
heave in the field have been presented. How well the 
experimental tests represent this condition is difficult to 
ascertain. It is felt that the boundary conditions in the 
experimental setup may produce different behavior in the 
test sample than would be experienced in the field. The 
temperature gradient in the frozen zone (approximately 
0.49C/cem or 40°C/m) is thought to be much higher than would 
antrerpatred in normal "field “situatyron’s “after the “initzal 
freezing period. It is important to consider these factors 


in the design of future tests. 


5.2.2 Time Dependence of Heave Rate 


Laboratory test results from Hill CTS) serenner = and 
Ueda (1978) and from Chapter IV of this thesis indicate that 
heave rates tend to decrease with time. Field evidence of 


this phenomenon was provided by Slusarchuk, et al (1978). A 
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comprehensive explanation for this behavior is not yet at 
hand; however, it is of interest to discuss in more ‘detail 
some relevant literature. A discussion of the important 
factors affecting heave rate will also be presented in this 


Sections 


In laboratory experiments dealing with the effects of 
pressure, temperature and time on heave rates, Penner and 
Ueda (1977) found very little decrease in heave rate with 
time even though the frost front had nearly penetrated the 
entire sample. It was suggested in Chapter II that the 
reason for such small time effects was that the test 
represented the situation of the early stages of frost heave 


where the frost front is advancing at a very high rate. 


The temperature gradient in the frozen zone at the 
maximum penetration of the 09°C isotherm was about 0.18°9C/cm 
OF 8°C/m. For the field frost heave test reported by 
Slusarchuk, et al (1978) this gradient occurred after only a 
few months of testing which would still be considered within 


the early, more transient stages of frost heave. 


Penner and Walton (1978) attempted to explain the 
decrease of heave rate with time observed in later long-term 
tests. They postulated that heave rate was a function of the 
ice seqregation ratio or the total heave heave over the 
total frost penetration (Equation 2.9). In the development 


of this theory they assumed that heave involves the entire 
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frozen zone and that heaving would stop only after the total 
amount of heave equaled the total frost Seah. This 
perception is considered useful in that it brings to light 
the importance. of time effects on heave rate. However, the 
relationship proposed is not based on any physical process 
occurring within the soil. Also, insufficient data does not 
allow the long-term predictive capability of their relation 
to be tested adequately. It is important, therefore, to 
develop a more complete understanding of the physical 
processes involved before the construction of a predictive 
model is attempted. A discussion of several factors believed 


to influence heave rate is given below. 


It is suggested that, for a given fully saturated soil, 
theromeLour factors whlch Most significant | yvattect the: rate 


of heave. They are: 


i) dT/%29x = temperature gradient in the frozen 
fringe 
21} P = overburden pressure 
aa) Gp=sVOl1durati070f the, unfrozen soit (which 
determines the unfrozen permeability) 
iv) dw = depth to water table 


The degree to which each of these parameters affects 
heave’ pate 81s not Known at this time but a qualitative 
description of how each changes with time (or depth of frost 
penetration) and the subsequent effect on heave rate is 


given. 
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It is proposed that a certain suction develops within 
the frozen fringe of a freezing soil under given initial 
conditions. Thee magnitude of jthis initial “suction ls 
governed by the temperature gradient in the fringe, 
overburden pressure and void ratio. It is believed that a 
Certain limiting Suction at), the anterphase exasts |fort ed 
given soil and is a function of freezing point depression of 
tnew soll. ~ However," for this discussion it is*convenvent “to 
bypass the complexities of this point and to merely assume 
that a certain initial heave rate is caused by the 
development of an initial suction pressure at or within the 


ice-water interphase. 


As the frost front penetrates several changes occur 
within the soil which would lead to a decrease in heave 
rate. Firstly, the temperature gradient within the frozen 
fringe decreases since the frost front is further from the 
cold source. Secondly, the overburden pressures increase due 
to an increase in the thickness of the frozen soil. Thirdly, 
assuming  ‘the-" water” table did “not “fluctuate, a larger 
Positive pressure would result™ at’ the frost front’ with 


increasing depth. 


At the same time, the void ratio and, therefore, 
permeability in the unfrozen soil would be decreasing due to 
the increase in overburden pressure. The effect of smaller 


voids on heave rate is difficult to analyze. According to 
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the Kelvin equation (Equation 2.2) a higher suction should 
develop which would result in a higher heave rate. However, 
the lower permeability would inhibit the flow of water, thus 
reducing the heave rate. In addtion, excess pore pressure 
could develop from the consolidation process. This depends 


somewhat on the rate of advancement of the frost front. 


It is evident that the influence of the various factors 
on frost heave rate is difficult to assess. Moreover, the 
interrelationship of the factors and their net effect on 
heave rate with time is even more complex. Therefore, an 
explanation for the observed decrease in heave rate with 
tune, for (both) laboratory, and) f1eld, tests, is only 


speculative at this time. 


It is expected that the decrease in heave rate with 
tineartepcEetedabyacltusarchuk, et “al 7 (1978) for’ an  insitu 
frost heave experiment can be attributed to decreased 
temperature gradient in the frozen zone and to the increased 
overburden pressure with time. Which factor was most 
influential in reducing the heave rate is not known. A 
Change in v.cid Latio probably occurred @but:  1t (ise thought 
that the effect on heave rate was not as significant as the 
two above mentioned parameters. The water table fluctuated 
little (within 0.3 m) and appeared to have had little 


influence on heave rate. 
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migration and redistribution through the frozen soil to the 
overall heave rate would be minimal for engineering ‘desian 
periods. The field tests reported by Slusarchuk, et al 
(1978) indicated that little or no observable heave had 
occurred within the frozen zone during a two year period. 
The effect of moisture migration in the frozen soil 
(secondary heave) may, however, be significant over long 
periods of time. The process of regelation behind the frost 
front is very slow and, although it is an ongoing process 
through all stages of frost heave, it would contribute 
little to the heave rate directly over a short period of 
time. Within a geologic time frame this process would cause 
a redistribution of ice throughout the frozen zone which in 
turn would change the heave characteristics of the soil. The 
net effect is not clear but an increased heave potential 


would probably result. 


The phenomenon of heave rate reduction with time in 
Paboratory tests is more ditfticult to explain. The results 
presented in Chapter IV indicate a definite reduction of 
heave rate with time in all open system tests although the 
temperature at the top and bottom of the sample remained 
constant throughout almost every test. The side temperature 
fluctuated for most tests but no correlation can be made 
with the observed decrease in heave rate. AS well, it was 
proposed. inh | Section §5.08 that the Suction ‘pressure is 


developed within the frozen fringe near the bottom of the 
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frozen zone; thus, the influence of side temperature on 


water intake from the bottom would be minimal. 


A certain temperature equalization period is required 
for the frozen sample to achieve a steady state condition. 
The equalization period depends on the initial sample 
temperature, height of sample and the imposed steady state 
temperature gradient. Based on observed changes aon) 
temperature and theoretical calculations it is estimated 
that the maximum time for temperature equalization would be 
in the range of several hours. It is expected, then, that 
the contribution of temperature equalization on heave rate 
reduction may be significant during the first few hours of 
testing. The most Significant reduction in heave rate, 
however, usually occurred many hours after this. Therefore, 
some other change in either the boundary conditions or in 
the sample iteslf (or both) must have occurred throughout 


the test. 


Several interpretations are presented in an attempt to 
explain the observed behavior. During the removal of the 
frozen sample at the end of a test, it was noticed that, in 
most cases, some resistance was encountered. This resistance 
was attributed to the pressure of the ice lense against the 
sides of the frost cell. Side friction was not measured. 
However, the magnitude of such friction was probably great 
enough to restrict the upward movement of the sample to some 


degree as the ice lense developed. 
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The change in configuration of the frozen fringe -could 
possibly have influenced the heave rate. The microstructure 
is important to heave rate in that the shape of the ice- 
water interphase is expected to have some control over the 
suction pressure. AS mentioned in Chapter II, the fact that 
the ice within the soil pores tends to fill the crevices of 
the pores at colder temperatures (and higher pressures), 
thus reducing the apparent permeability, could contribute to 
this time dependent behavior. The deformation of ice in the 
soil pores has not be fully examined. In this regard, the 
proltreration “of *iice™ into the =*tce* free pores may have 
occurred in time reducing the permeability of the soil. The 
exact nature of these processes and their effect on heave 


Pate: 1Ss=strll*not“clear. 


In conclusion, the fact that heave rate decreases with 
time is generally accepted. Although the reasons for this 
behavior are not well understood it is suggested that the 
decrease in temperature gradient within the frozen zone and 
the increase in overburden pressure with the depth of frost 
penetration contribute most to the reduction of heave rate. 
The boundary and internal conditions of laboratory tests 
should be similar to that expected in the field in order to 
use the results to explain field behavior. Further 
controlled laboratory and especially field testing is 
required for a better assessment of the factors influencing 


this process. 
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CHAPTER VI 


Conclusions and Recommendations 


eee eee es se a ee Se eS eS 
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The purpose of this research was to investigate the 
phenomenon of moisture migration in frozen soil as it 
relates to frost heave. In light of the laboratory test 
results and discussions presented in the previous chapters, 


the following conclusions can be drawn. 


ile) Moisture will migrate through frozen soil under the 
influence of a temperature gradient. The rate of 
migration is apparently controlled by the actual 
temperature distribution (the temperature governs the 
potential of the unfrozen water) and frozen 
permeability within the frozen fringe behind the 09C 


isothern. 


2s) The permeability of frozen soil is a function of the 
amount of unfrozen water and of the amount of ice 
Within the ssotl) pores. “Molsture; will flow with 
relative ease through the unfrozen water layer of a 
frozen soil prior to the development of an ice 


structure. As ice accumulates within the frozen zone 
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the apparent permeability decreases due to a net 
increase in tortuosity, i.e., the water must travel a 
greater distance around the ice structure in order to 


move up through the soil. 


One effect of overburden pressure on a freezing soil- 
water system is to create a larger zone of ice 
accumulation. This observed behavior supports the 


prediction of Penner and Walton (1978). 


It appears that the rate of frost heave in a freezing 
soil is controlled only by the conditions within a 
relatively thin zone of frozen soil near the frozen- 
unfrozen interphase termed the "frozen fringe". These 
conditions include such factors as temperature 
gradient, overburden pressure and void ratio. The 
depth to the water table affects the heave rate 
indirectly. The interrelationship between these 
parameters is not completely understood at this time. 
The important concept is that the suction within the 
frozen soil behind the warmest ice lense contributes 


Tittiem teeny tnungeto, the: trate. of sheave. 


The process of regelation (the movement of pore ice 
througheagrrozen soll), occurseinga frozenusoll #uasi «a 
result of an applied temperature gradient. However, 
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contributes little to the rate of heave within an 
engineering time frame when compared with the effect 


of suction within the frozen fringe. 


6.2 Recommendations 


ee a ee 


From the conclusions it can be seen that the phenomenon 
of frost heave is primarily an interphase problem. It is 
suggested that future research be directed towards the 
examination of the frozen fringe of soil between the warmest 
ce salense Vand “the, ,0°C isotherm. in particular, it is of 
interest to investigate the effects of temperature, particle 
configuration (void ratio) and pressure on the magnitude of 
suction pressure within this zone. Precise temperature 
measurements and a means of accurately identifying the 
actual frozen-unfrozen boundary would be required to obtain 
the necessary information for relating experimental results 
to thermodynamics. Ets ewould bes euseful” tor=odtain “an 
understanding of exactly where in this fringe the suction is 


developed and which factors most influence its magnitude. 


Cne of the more difficult problems expected to be 
encountered with this approach would be the non-uniformity 
of pore Sizes... This problem could be circumvented by ‘the 


development of an apparatus consisting of many uniforn, 
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precise capillary tubes of a known diameter. Frost heave 
experiments would be conducted within these tubes and, 
provided good temperature measurements can be obtained, a 
model based on thermodynamic relationships could be 


developed. 


From this model certain key parameters would result. 
The parameters would include the effect of such influential 
factors as temperature, soil type (surface area), DLCS Sure, 
void ratio (or permeability) and time. The model could be 
used tomprediet) héave ‘characteristics rn a soil! by sbrelating 
the patameters obtained from the control test to those 


obtained from frost heave tests on the soil. 


It is stressed that any model derived from laboratory 
testing should not be considered for engineering design 
until the model has been adequately tested with quality data 
fUONeLteldgilost= heave tests. ff issimportant to. study the 
behaviour of a freezing soil system under field conditions 
in, OLdermetorevicrityesthiatherthemg @orocesses, fassumed. Jin fehe 


development of the model actually occur. 
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FIGURE A.1 


CUSTy 10k 


RECOMMENDED UNITS, UNIT ABBREVIATIONS, QUANTITY 


SYMBOLS AND CONVERSION FACTORS FOR USE IN GEOTECHNICAL ENGINEERING 


S! 


BASE UNITS, DERIVED UNITS AND MULTIPLES 


UNITS AND UNIT CONVERSION FACTORS FOR 
QUANTITY AND (SYMBOL) MULTIPLES ABBREVIATION EXISTING UNITS REMARKS 


Length (various) kilometer 


meter | micrometer = | micron 
centimeter cm 
millimeter mm 


micrometer 


square kilometer ae ] Pes = 2.590 ae | acre = 0.4047 hectares 
ratnetan : | foots = 0.09290 2 

povaren meres 5 Beery > We rely ta. | hectare = 10,000 m 

square centimeter cm, | inch, = 6.452 om 

square millimeter 1} inch” = 645.2 om 


cubic meter m3 | foot? = 0.02832 m3 To be used for solids and liquids 
cubic centimeter cm 1 inch” = 16.39 cm 3 
cubic millimeter mm | Imp. gallon = 4546 cm 


megagram (or tonne) Mg | ton = 1.016 Mg Megagram is the SI term 


kilogram kg 1 1b 


gram 
Density (mass density) (9) megagram (or tonne) Mg/m3 100 Ib/fr> =,1.602 g/m? Density is mass per unit volume 
per cubic meter (t/m-) (62.43, 1b/ft° pure water = 


| Mg/m- = spec. grav. 1.0 approx.) 


Force (various) 


meganewton = 
ki lonewton kN t ibf = 
newton 


kilonewton per If g = 9.807 We then a No explicit SI unit or term for 
cubic meter substance with a mass density weight or weight density 

of 1.0 Mg/m3 has a 3 
weight density of 9.807 KN/m 


Weight (force) density 
(y = 29) where g is the 
local gravitational acceleration 


Pressure (p, u) megapascal MPa 2 i tonf/m= = 15.44 MPa To be used for shear strength, 
(meganewton per (MN/m*) compressive strength, bearing 
square meter) capacity, elastic moduli and 


laboratory pressures for rock 


Stress (9,t) ki lopascal kPa 2 | Ibf/in? = 6.895 KPa 
and {ki lonewton per (kN/m*~) 2 
1 lbf/ft™ = 0.04788 kP 
Elastic modulii (€,G,K) square meter) iis Coe - Ditto for soils 


] EOntyECS = 107.3 kPa 
| kom/em= = 97.86 kPa 


1) | 1 fe2/tonf = 9.324 smn, 
) = 9.324 x 10 2 m?/kN 


Coefficient of volume square meter per m5 /4N (nHPa 
compressibility (m.) or meganewton or square m /KN (m*kPa 
swelling (m,) meter per kilonewton 


Coefficient of water meters per second m/s I cm/s = 0.010 m/s This is a velocity depending 
sini u - ‘i 
permeability k } ft/d' = 3.53 x 10 6 ie on expetacone and defined by 
Oarcy's law 


y= ky 


where 3h/3s = hydraulic gradient 


Coefficient of consolidation square meter per SRG ! iy: = 0.09290 Pike 


{c) or swelling (ce) year ; ery day = 33.95 a ier 


ae | cm/s = 3.154 x 10° mé/yr 


2 


v 


This is an area which quantifies 

the seepage properties of a soil 

independent of the fluid concerned 
v keg 3h 


n 3s 


Absolute permeability square micrometer mn | Darcy = 0.9869 mm 


fluid density 
9 = gravitational 

acceleration 
n = dynamic viscosity 


Dyanmic viscosity is defined 
by Stoke's Law 


millipascal second mPas 
(centipoise) (cP) 
BON 2 2 

square millimeter mm/s LeSt2 lemmas s 2» = n/o 
per second (cSt) 
(centistoke) 


Dynamic viscosity (n) 


Kinematic viscosity (v) 


° 


T °F = 5 (T-32)/9 °C 


Celcius temperature (T,9) degree Celcius 


1} cal = 4.19 J 
1 BTU = 1056 J 


watt per square W/m ] eaWenaie = 4.19 x 10 wine 
meter 


Heat flux 


1 cal/em.s.°C = 4.19 x 10% W/m.x 


Coefficient of thermal watt per meter W/m.K (W/m.C) ¢ 
lL BTU/hr. ft. °F = 12730 W/m.Kk 


conductivity (k ke) degree K (or C) 


Used for angle of shearing 
resistance (6) and for slopes 


degree 
minute 
second 


Plane angle (various) 


(angle) 


6 


year } year = 31.56 x310 s ‘a' is the abbreviation for year 
day d 1d = 86.40 x 10° s ; 
hour h Ih = 3600s The second is the SI unit 


second 
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FIGURE A.2 


HOTPACK - constant temperature/circulating bath 
Model No. 334 


Available from Hotpack (Canada) Ltd. 385 Pha Jelaep 
Street North, Waterloo, Ontario 


PACE Wiancko - 0 to 0.5 psi pressure transducer 
Nodel Plt. 02-0. oe psrd 


Available from Pace-Wancko, Division of Whittaker, N. 
Hollywood, California. 


HENLE TT—PACKARDe= S6eVoltwexcitataon, [.V.D.T. 
Model 7DCDT-500 


Available from Hewlett-Packard, Waltham, Mass. 


ATKINS - Resistance Thermistors 
Model PR-3 


Available from York Instruments, 1262 Don Mills Road, 
Don Myits, Ontario 

OL from) =Atkins) @technical Inc.,Box 1405 University 
Station, Stengel Airfield, Gainesville, Florida 32603 


FLUKE - data aquisition systen 
Model Noe 2240A 
Available from John Fluke Mfg. Co. Ltd., P.O. Box 
43210, Mountlake Terrace, Washington 98043 

TECHTRAN - cassette recording unit 


Model No. 8400/8410 


Available from Techtran Industries Inc., 
580 Jefferson Road, Rochester, New York 14623 
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PROSde. Gehl 
(see FIG. 3.3) 


VARIABLE HEIGHT TM. 68 


OF SAMPLE 
(~!0 cm.) 


CNOT.. TO. SCALE.) 


FIGURE B-l + SCHEMATIC DIAGRAM OF 
THERMISTOR POSITIONS. 
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